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a b s t r a c t

Radiometric stability is a desired property of digital photogrammetric large-format sensors. This article
presents a methodology for determining the radiometric stability of airborne imaging sensors in opera-
tional conditions in a test field and the results of stability evaluation of a large-format photogrammetric
frame sensor DMC, from Intergraph. The imagery was collected in two days using nine different expo-
sure settings, and images collected with variable exposure time and aperture were compared. The results
showed promising stability inmany cases, up to a level of 2% of the radiance, but less favorable results also
appeared. Possible reasons for the unfavorable results could be the limitations of the experimental set-up
or the instability of the sensor. DMC showed high radiometric performance potential, but high sensitivity
to the exposure settings. Based on the results, recommendations for the future test field calibration and
validation procedures were given. One limitation of the analysis was the insufficient information about
the sensor stability potential; proposals were given to sensor manufacturers concerning the necessary
information.

© 2010 International Society for Photogrammetry and Remote Sensing, Inc. (ISPRS). Published by
Elsevier B.V. All rights reserved.
1. Introduction

Recent developments in airborne imaging techniques can be
considered revolutionary in photogrammetric processes. The tran-
sition from analog to digital imaging and the achievement of
maturity in direct sensor orientation techniques are the funda-
mental advancements behind the evolution. The modern imaging
techniques enable efficient and accurate radiometric and geomet-
ric analysis of the Earth’s surface from the air.
This study concerns radiometric stability aspects of digital pho-

togrammetric large-format sensors. These sensors entered into op-
erational use in 2001, and currently there are approximately 300
systems in daily mapping processes. The commercially available
digital photogrammetric large-format sensors are Intergraph DMC
(Hinz et al., 2001; Rosengarten, 2007), Microsoft UltraCam (Ultra-
CamD, UltraCamX, UltraCamXp) (Leberl and Gruber, 2003; Gruber,
2007) and Leica Geosystems ADS (ADS40, ADS80) (Sandau et al.,
2000; Fricker, 2007). The DMC and UltraCam are multi-head sen-
sors utilizing area CCD sensors; they are also called frame sensors.
The ADS is a pushbroom scanner utilizing line CCD sensors.
The expectation is that these sensors will provide multispectral

reflectance data, more efficiently than ever, with a ground sample
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distance (GSD) of up to 2 cm, with a positional accuracy of up to
half a GSD, with a reflectance accuracy better than 5% and with an
appropriate spectral resolution in visible and near infrared (NIR)
wavelengths (Honkavaara, 2008; Markelin et al., 2008). The pre-
requisites for this high performance level are high-quality imaging
sensors and systems and accurate processing of the collected data.
Currently, the georeferencing process has reached a high maturity
level, but the radiometric processing is still in its infancy.
One important question is the radiometric stability, which is

a desirable property for large-format photogrammetric sensors
being designed for efficient image production over large areas.
High-resolution airborne imagery is produced over entire coun-
tries, with update cycles of either a year or a few years. Currently,
the radiometric correction is a laborious step in the photogram-
metric process, and the processing methods neither provide
quantitative radiometry nor acceptable visual quality; a query to
several image producers and users has recently revealed these
problems (Honkavaara et al., 2009). Stability would simplify the
post-processing, or at least it is necessary to know the stability of
the system in order to develop appropriate post-processing meth-
ods and to know the radiometric accuracy potential of the system.
The empirical investigations of radiometric properties of the

large-format digital photogrammetric sensors have shown that
they have high radiometric performance potential, including lin-
earity, large dynamic range, great radiometric resolution and they
are suited for radiometric calibration (Honkavaara and Markelin,
2007; Markelin et al., 2008; Martínez et al., 2007; Martínez and
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Arbiol, 2008). However, many questions still concern the entire
processing chain of photogrammetric images (Honkavaara et al.,
2009). Operational approaches have been developed for radiomet-
ric processing, evaluation and calibration of satellite imaging sys-
tems (Slater et al., 1996; Biggar et al., 2003; Pagnutti et al., 2003),
but they are not fully operational for airborne systems.
The stability issues of photogrammetric sensors have not been

studied empirically in operational conditions in current literature.
Leica Geosystems has presented the design principles of the ADS
in details; stability has been ensured by applying temperature and
pressure stabilization (Sandau et al., 2000; Beisl, 2006; Fricker,
2007). Hinz et al. (2001) mentions the high precision shutters
used in the DMC, whereas Schneider and Gruber (2008) states the
good radiometric stability andmentions the special shutter release
feedback of the UltraCamX. Just recently Ryan and Pagnutti (2009)
presented results on stability analysis of the DMC in laboratory.
Their results indicated that each f -stop (relative aperture) setting
requires a specific calibration factor because the variance of the
calibration factor in various f -stops was on level of 5%. However,
even this study did not tell what the variance of the calibration
factor was from exposure to exposure.
The objective of this study is to develop methods for the as-

sessment of radiometric stability of photogrammetric sensors in a
test field, and to evaluate the stability of a photogrammetric large-
format frame sensor DMC using the methodology. In Section 2, the
radiometric stability aspects of the DMC are discussed, methodol-
ogy for radiometric stability evaluations is developed and the test
set-up is described. In Section 3, results of the empirical study are
given, and in Section 4, the findings are discussed.

2. Materials and methods

2.1. A photogrammetric large-format sensor DMC

The digital photogrammetric large-format sensor Intergraph
DMC is amulti-head camera with eight independent camera cones
(Hinz et al., 2001). The large-format panchromatic (PAN) image
of 13 824 × 7680 pixels is composed of images collected with
four cameras equipped with medium-format CCD arrays; the focal
length is 120 mm. Red (R), green (G), blue (B) and near infrared
(NIR) multispectral (MS) channels are collected with individual
cameras, each equipped with medium-format CCD arrays 3456 ×
1920 pixels in size; focal length is 30 mm. The spectral channels
are optimized to provide visually attractive images. The pixel
size of all CCD arrays is 12 × 12 µm. An electronic time delay
integration (TDI) forwardmotion compensation (FMC) is occupied.
The radiometric laboratory calibration of the DMC involves the
relative calibration; sensitivity differences of individual elements
of a CCD array, defect pixels, light falloff, and dark signal are
determined for each aperture, temperature and TDI settings using
an Ulbricht sphere (Diener et al., 2000; Hefele, 2006). Just recently
laboratory-based absolute radiometric calibration procedure was
presented for the DMC (Ryan and Pagnutti, 2009).
During data collection, the operator controls the Light Value

(LVal) that links the exposure time and aperture together. That can
be selected manually or automatically. The LVal is often selected
by the camera operator, because the automatic process does not
provide acceptable results if there are special features in the area,
e.g. water areas or some predominant features (e.g. quarries)
(Honkavaara et al., 2009). Various data about system conditions
and performance are collected during the data collection; these
include shutter and chip temperature, number of TDI shifts,
aperture, shutter start and close time and effective exposure time
for each camera head.
The geometric and radiometric post-processing is done using

the DMC post-processing software (PPS) provided by the man-
ufacturer (Diener et al., 2000). The radiometric correction is per-
formed based on radiometric instrument corrections determined
in the laboratory. PPS then resamples the panchromatic compo-
nent images into the large-format virtual image and processes the
multispectral data, either to the original color resolution or to a
panchromatic resolution using pansharpening. DMC images can be
obtained on 3 different processing levels (Madani and Shkolnikov,
2008):
1. Raw: Raw images are recorded during the flight and are

stored in a system internal data format.
2. Level2 (intermediate): In the first post-processing step, the

laboratory-determined radiometric corrections are applied to raw
images; the user cannot affect the settings. The image from each
camera cone is stored in a separate tiff-file.
3. Level3: The last post-processing step is geometric process-

ing. Level2 images are geometrically corrected and subsequently
resampled and combined to form the final Level3 image compos-
ite. Information about the interpolationmethod used in the resam-
pling process has not been published. There are several options to
produce Level3 images: 16, 12 or 8 bits per channel; linear or non-
linear radiometric response (e.g. gamma curve), with or without
pansharpening ofMS images; 4-band, 3-band RGB or CIR, one band
NIR or panchromatic images. Color balancing can be performed by
using an object having similar reflectivity in each band, e.g. asphalt.
Central sensor conditions and parameters influencing the ra-

diometry are the system temperature, the size of the aperture and
the exposure time. Inaccuracy or variability of any of these items
appears as non-stability of the radiometric response. The quality of
these properties is not available for the DMC.
There are only a limited number of results concerning the

radiometric performance of the DMC in operational conditions.
Martínez et al. (2007) and Martínez and Arbiol (2008) have in-
vestigated the radiometric and colorimetric calibration of the
DMC. They determined different calibration parameters for each
aperture. Conclusion of their study was that the DMC could be
radiometrically and colorimetrically calibrated. Markelin et al.
(2008) investigated the radiometric quality of the DMC. The results
showed that the DMC was linear and had great dynamic range but
in some situations overexposure appeared. These studies did not
include stability evaluations.

2.2. Imagery

The images were collected for acceptance testing of the new
DMC of the National Land Survey of Finland during two days in
September 2008 at the Sjökulla test field (Section 2.3).
On September 1, 2008, a total of 14 flight lines were collected

using four different camera exposure settings (Table 1). The flying
height was 500m and the average flying speed was 206 km/h. Im-
ages were taken at 10:15–11:58 (UTC+3), the average solar eleva-
tion angle was 29° above the horizon, and the average horizontal
visibility was 42 km (measured at Helsinki-Vantaa airport 34 km
from the test field).Weather and illumination conditionswere thus
excellent. Manual exposure settings were used, but unfortunately
the exposure settings were not quite optimum and overexposure
of the brightest targets occurred.
On September 25, 2008, a total of 7 flight lines were collected

using six different camera exposure settings (Table 1). The flying
height was 500 m and the average flying speed was 220 km/h.
Images were taken at 11:20–12:26 (UTC+3), the average solar
elevation angle was 27° above the horizon, and the average
horizontal visibility was 42 km (measured at Helsinki-Vantaa
airport 34 km from the test field). Weather and illumination
conditions were excellent also in this second campaign. Three
sequential images on each line covered the radiometric test field.



L. Markelin et al. / ISPRS Journal of Photogrammetry and Remote Sensing 65 (2010) 409–421 411
Table 1
Imaging conditions and sensor information from the metadata. Times are in UTC+3. S. alt.: solar elevation angle from horizon; S. az.: solar azimuth angle from north; Vis.:
horizontal visibility (km) at Helsinki-Vantaa airport, 34 km from the test field; f -stop: relative aperture; EET: Effective Exposure Time (ms); TDI: number of TDI sifts, Chip
T.: Chip temperature; Shutter T.: shutter temperature. Temperatures for RGB-data are averages of individual R, G and B sensors; for the panchromatic channel average of 4
sensor heads is given.

1A 1B 1C 2A 2B 2C 2D 2E 2F

Date 1.9 1.9 1.9 25.9 25.9 25.9 25.9 25.9 25.9
Time 10:19 11:12 11:41 11:39 11:55 12:03 12:12 12:20 12:27
S. alt. 27.8 32.5 34.5 26.1 26.9 27.2 27.6 27.8 28.1
S. az. 126.6 141 149.1 153.6 158 160.1 162.6 164.2 166.9
Vis. 42.8 48.4 50 34.6 37.7 37.7 41.6 43.3 46.4

RGB f -stop 4.0 4.0 4.0 4.0 4.0 5.6 5.6 4.0 5.6
EET 8.572 6.496 4.593 4.389 5.655 6.370 5.655 4.382 6.496
TDI 7 5 5 6 6 5 5 6 6
Chip T. 9 14 17 10 12 13 14 15 16
Shutter T. 12 18 20 12 14 14 16 16 18

NIR f -stop 4.0 4.0 5.6 5.6 5.6 8.0 8.0 5.6 8.0
EET 4.923 3.731 4.923 3.813 4.923 5.788 5.655 3.85 5.655
TDI 7 5 5 6 6 5 5 6 6
Chip T. 8 14 16 10 11 12 13 14 15
Shutter T. 10 16 18 12 14 14 16 16 18

PAN f -stop 8.0 8.0 11.0 11.0 11.0 11.0 11.0 11.0 11.0
EET 4.923 3.731 4.923 5.031 6.496 3.563 3.481 5.080 3.731
TDI 33 26 23 27 27 26 25 26 29
Chip T. 14 21 25 15 18 19 20 21 22
Shutter T. 14 18 24 14 18 18 20 20 22
Table 2
Reference reflectance target info. Refl: target average reflectance in 400–1000 nm; window size: target measurement window size in pixels (pix) and meters (m), PAN for
panchromatic images, MS for multispectral images; T. size: target size on a test field in meters.

Target Refl. Window size (pix) Window size (m) T. size (m)
PAN MS PAN MS

B1 0.054 56× 56 11× 11 2.8× 2.8 2.2× 2.2 5.4× 5.4
B2a 0.061 170× 170 31× 31 8.5× 8.5 6.2× 6.2 14× 15
B2b 0.068 170× 170 31× 31 8.5× 8.5 6.2× 6.2 14× 15
G2 0.076 170× 170 31× 31 8.5× 8.5 6.2× 6.2 14× 15
R1 0.145 56× 56 11× 11 2.8× 2.8 2.2× 2.2 5.4× 5.4
P20 0.176 56× 56 11× 11 2.8× 2.8 2.2× 2.2 5× 5
P30 0.256 56× 56 11× 11 2.8× 2.8 2.2× 2.2 5× 5
P50 0.426 56× 56 11× 11 2.8× 2.8 2.2× 2.2 5× 5
W2 0.505 170× 170 31× 31 8.5× 8.5 6.2× 6.2 14× 15
Manual exposuremodewas usedwith all settings except 2E,which
was taken using automatic exposure settings.
The object anisotropy corrections/evaluations were not in-

cluded in this study, so only the imageswhere the reference targets
were close to the image center were used (Section 2.3). Altogether
nine images, one fromeach exposure setting,were used in the eval-
uations. The settings were named as 1A, 1B and 1C for the first day
and 2A, 2B, 2C, 2D, 2E and 2F for the second day.
The post-processing was performed using the Intergraph PPS

software (Section 2.1). Images were processed with linear radio-
metric response and 12 bit pixel depth; no pansharpening was
used for MS images. The approximate GSD was 24 cm for MS im-
ages and 5 cm for panchromatic images. Comparison of DN (digital
number recorded by the sensor) statistics of Level2 and Level3 im-
ages showed that their color information was identical; thus only
Level3 images were evaluated in radiometric studies. In this study,
the ideawas to rely on the standard outputs of the imaging process
provided by the manufacturer, so the raw images were not evalu-
ated. The only exceptionwas that the saturationwas evaluated also
from the raw images tomake sure that the post-processing had not
caused the saturation.

2.3. Test field and ground truth

The studywas performed at the Sjökulla test field of the Finnish
Geodetic Institute (FGI) (Fig. 1, Honkavaara et al., 2008). Nine
artificial reference reflectance targets were available at the test
field (Table 2): permanent black (three targets), gray, white and
red gravel targets, and transportable painted tarpaulins (P20, P30,
P50). During the first flight campaign (1st September 2008) the
nadir spectra of the reference targets were measured using an
ASD Field Spec Pro FR 350–2500 nm spectroradiometer. 100–300
spectra were measured over each target and then averaged to get
the final spectra. Before and after each target measurement a ref-
erence measurement was made with a calibrated white reference
standard (12′′ Spectralon from Labsphere). The spectra were mea-
sured in absolute radiance mode. Afterwards the radiances were
scaled with the white reference measurements to produce target
reflectances. Finally, the target reflectances were weighted with
the DMC channel spectral sensitivities to get the reflectances per
MS channel (Fig. 2(a)). The inaccuracy of the averaged reflectance
spectrum is well below 5%.
The white reference measurements provided a simple method

to monitor global illumination changes during the first campaign.
The weather conditions remained excellent during the campaign,
but right after the last overflight (settings 1C), clouds started to
emerge. All targets, excluding red gravel, have flat spectral perfor-
mance on visible wavelength region (Fig. 2(a)); the targets’ sizes
and average reflectance on 400–1000 nm wavelength range are
given in Table 2. The reflectance range of the reference targets is
0.05–0.5. Red gravel was not used in the evaluations, because the
evaluations indicated that it was an outlier; this issue will be in-
vestigated in the future studies. A Siemens star and resolution bar
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targets were available for resolution evaluations, but resolution
evaluations were not included in this study.
Because the images used in this study had slightly different ob-

server and illumination geometry (Section 2.2, Table 1), the bidi-
rectional reflectance factors (BRFs) of the reference reflectance
targets were measured in the laboratory over the entire hemi-
sphere using different illumination angles using the FIGIFIGO
goniospectrometer (Suomalainen et al., 2009). These measure-
ments indicated that differences caused by all the above factors on
the reference reflectance valueswere 1%–5% for the images used in
this study; and on average 2.6%. Based on these results the use of
the same nadir field reflectances with the images from both days
was justified.

2.4. Methods

The method for the radiometric performance analysis was
established by Markelin et al. (2008). It was further improved in
this study to account different exposure time and aperture settings
and to evaluate sensor stability.

2.4.1. Absolute radiometric calibration
The absolute calibration parameters were determined utilizing

the reference reflectance targets. The radiometric response of a
CCD sensor is typically linear (Schowengerdt, 2007):

L = cal_gain ∗ DN+ cal_offset, (1)

where L is at-sensor radiance and DN is the digital number reco-
rded by the sensor, cal_gain and cal_offset are the absolute radio-
metric calibration parameters. The linear model was proven to be
appropriate for the DMC in previous studies (Honkavaara, 2008;
Markelin et al., 2008).
Absolute calibration parameters are calculated separately for

each sensor channel. If the sensor is stable, the parameters are
constant for certain exposure setting. In the ideal situation, the
amount of radiance entering the sensor is directly proportional to
the camera exposure time and size of the aperture. As the images
were collectedwith different exposure settings, it was necessary to
compensate the effect of camera exposure time and aperture. This
was performed by normalizing the DNs. The normalization was
done in two differentways: with respect to exposure time (t (ms)):

DNnorm_t = DN/t (2)

and with respect to exposure time and aperture size (A (mm2)):

DNnorm_tA = DN/(t ∗ A). (3)

The aperture size was calculated as follows:

A = π ∗ (f /(2 ∗ f − stop))2 (4)

where f is the focal length of the camera in mm and f -stop is the
relative aperture value from Table 1.
The absolute calibration parameters were obtained by the or-

dinary linear least squares regression between the reference tar-
get DNs and at-sensor radiances. The significance of the calibration
parameters was evaluated using the t-test with a 95% confidence
level (Pindyck and Rubinfeld, 1991).
The reference target DNs for the calibration were calculated as

averages in small image windows; their sizes for different images
and reference targets are given in Table 2.
The at-sensor radiances were calculated for the reference tar-

gets (Section 2.3) by using MODTRAN4 radiative transfer code
(Berk et al., 1999) andMODO software (Schläpfer andNieke, 2005).
The major components of the radiance entering the sensor are the
path radiance (Lpath), radiance reflected from object (Lreflected) and
the radiance reflected from adjacent objects (Ladjacency):

L = Lpath + Lreflected + Ladjacency. (5)

In this study, Ladjacency was considered insignificant, thus the at-
sensor radiance is:

L = Lpath + τρEg/π, (6)

where τ is the ground-to-sensor atmospheric transmittance, ρ is
the surface reflectance and Eg is the global flux on the ground
(Atcor, 2009).
‘‘Midlatitude summer’’ atmospheric settings and visibility in-

formation from the Helsinki-Vantaa airport (Table 1) were used in
the conversion. Radiative transfer calculations were performed for
each of the camera settings using relevant solar angles (Table 1).
Reference target ground reflectancesweightedwith the DMC color
channels are presented in Fig. 2(a), and calculated at-sensor radi-
ances for setting 1C are shown in Fig. 2(b).
Precision of calibration was determined based on analysis of

relative residuals [in %]:

rk = 100(Lrtk − L
cal
k )/L

rt
k , (7)

where Lrtk is at-sensor radiance determined by radiative transfer
(Eq. (6)) and Lcalk is the at-sensor radiance derived from DN and
calibration parameters for target k (Eq. (1)). From the residuals,
averages, standard deviations, minimums and maximums and
standard error of unit weight ( _o 0) were calculated. The _o 0 was
obtained as follows:

_o 0 =

√√√√ ∑
k=1,...,n

r2k

f
, (8)

where n is number of reference targets and f is the degrees of
freedom.

2.4.2. Relative radiometric scaling
As in situ atmospheric observations were not available for the

radiative transfer simulations, the possible changes in atmospheric
conditions influence the calibration (Section 2.4.1). For this rea-
son, an image-wise relative radiometric scalingmethodwas devel-
oped. In principle, difference of two PAN channel images of same
target shows the changes in the illumination integrated over the
350–1000 nm wavelength range, when assuming a stable sensor.
Themultispectral channels were scaled using PAN-data as follows:

DNik_scaled = DNik_norm_tA ∗
DN_PANj_ref_norm_tA
DN_PANi_ref_norm_tA

(9)

for target k and image i with reference image j. The DNik_norm_tA
is the normalized multispectral DN (Eq. (3)) and the DN_
PANj_ref_norm_tA andDN_PANi_ref_norm_tA are the normalized panchro-
matic DN values for the chosen reference reflectance target. In this
study, the black gravel B2b was used as reference (Fig. 1) because
of its uniform spectra on the wavelength range of the DMC chan-
nels (Fig. 2(a)). This scaling was done for all the targets of each
setting, and stability assessment calculations (Section 2.4.3) were
repeated.
It is expected that the scaling provides the best results for the

green channel and the worst results for the NIR channel because
of the spectral response of the DMC (Honkavaara and Markelin,
2007). However, if stability of the PAN sensor is lower than the
atmosphere, the scaling will not improve the results.
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Fig. 1. Sjökulla radiometric and spatial resolution test field in summer 2008. B1: Black gravel 1994; R1: Red gravel 1994; B2a: Black gravel 2008, version a; B2b: Black gravel
2008, version b; G2: Gray gravel 2008; W2: White gravel 2008; P20, P30 and P50: portable reference reflectance targets. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)
Fig. 2. Top: Reference target ground reflectances weighted with the DMC color
channels; bottom: calculated reference target at-sensor radiances (W/(m2 sr nm))
at 500 m height for setting 1C. B = blue, G = green, R = red, N = near infrared,
P = panchromatic channel. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

2.4.3. Stability assessment
Because there does not exist any comprehensive information

about the DMC absolute calibration parameters, the stability of the
sensor was evaluated by making pair-wise comparisons between
different images. The absolute calibration parameters determined
fromdifferent imageswere compared and the fit of the parameters
from one image (setting) to the data from other images (settings)
were assessed; the latter evaluation is considered as accuracy
assessment. Details of these two methods are given below.
The similarity of the absolute calibration parameters of two

different settings was assessed by evaluating the similarity of the
regressions using the F-test with 95% confidence level (Pindyck
and Rubinfeld, 1991). The F-statistics is:

Fk,N+M−2k =
(ESSR − ESSUR) /k
ESSUR/ (N +M − 2k)

, (10)

where ESSR is the error sum of squares for restricted and ESSUR for
unrestrictedmodel, k is the number of parameters, andN+M−2k
is degrees of freedom in the unrestricted regression. In the unre-
stricted model, the ordinary least squares model is applied to both
datasets individually, where, as in a restricted model, one ordinary
least squares model is applied to the combined datasets. The null
hypothesis was that the regressions of both datasets are identical.
If the F-statistics is larger than the critical value of F-distribution
with k and N +M − 2k degrees of freedom, the null hypothesis is
rejected and the settings are declared as different.
The accuracy of calibration parameters of certain setting was

assessed by evaluating their fit to the data (DN, at-sensor radiance)
from other settings. First, the at-sensor radiance was calculated for
reference target k, which average DN was measured from image
with settings j using calibration parameters from settings i (Lcalijk ;
Eq. (1)):

Lcalijk = cal_gaini ∗ DNjk + cal_offseti. (11)

The relative error [in %] was then obtained by comparing at-sensor
radiances based on calibration (Eq. (11)) to at-sensor radiance
based on radiative transfer (Lrt

jk
) (Eq. (6)):

eijk = 100(Lrtjk − L
cal
ijk )/L

rt
jk
. (12)

For each evaluated setting pair, different statistics were calculated
from relative errors: root-mean-square errors (RMSEs), averages,
standard deviations, minimums and maximums. RMSEs were
obtained as follows:

RMSEij =

√√√√ ∑
k=1,...,n

e2ijk

n
(13)

where n is the number of reflectance reference targets used in the
evaluation.

2.4.4. General performance evaluations
General radiometric performance analysis was also performed

to assess the quality of the data. The linearity was evaluated based
on the absolute radiometric calibration statistics. Saturation was
evaluated using the statistics of reference target DNs (averages,
standard deviation as % of averageDN,minimums andmaximums).
Dynamic ranges in each channel were evaluated using histogram
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Table 3
Histogram statistics and first saturated target for evaluated images. Ave: average DN; std: standard deviation; min: minimumDN;max: maximumDN; 99Effi: 99% efficiency
(width of 99% histogram, where 0.5% of data is left out on both sides), sat: first saturated target on current setting and channel.

1A 1B 1C 2A 2B 2C 2D 2E 2F

B ave 759.9 649.7 488.4 506.2 645.5 387.0 338.5 512.6 384.3
std 512.4 440.9 349.1 341.4 416.6 267.9 237.0 346.4 267.1
min 122 123 75 81 110 42 1 1 50
max 4095 4095 4095 4095 4095 4095 4095 4095 4095
99Effi 3144 2680 1998 1524 1680 1043 945 1397 1041
sat P30 P30 P50 W2 P50 – – W2 –

G ave 1023.6 865.9 652.7 664.0 851.2 528.5 464.3 695.3 515.9
std 622.4 516.0 418.2 415.3 529.5 340.9 299.6 443.5 331.0
min 32 1 1 37 75 46 1 1 1
max 4095 4095 4095 4095 4095 4095 4095 4095 4095
99Effi 3697 3100 2216 1901 2154 1352 1174 1764 1321
sat P30 P30 P50 W2 P50 – – W2 –

R ave 847.3 703.2 521.3 591.5 750.0 446.6 391.5 604.4 435.5
std 633.3 534.5 436.8 444.2 563.6 347.0 303.5 467.2 334.6
min 1 1 1 1 17 3 1 1 3
max 4095 4095 4095 4095 4095 4095 4095 4095 4095
99Effi 3827 3237 2148 1998 2256 1359 1174 1797 1289
sat P50 P50 W2 – W2 – – – –

N ave 2003.6 1642.1 1214.4 815.5 1007.3 638.8 639.2 831.7 611.1
std 1095.1 994.8 744.2 433.8 607.4 382.3 362.0 492.6 338.7
min 145 104 59 30 29 1 3 14 10
max 4095 4095 4095 4095 4095 4095 4095 4095 4023
99Effi 3802 3863 3633 2323 2887 1845 1814 2399 1729
sat P50 P50 W2 – – – – – –

P ave 894.3 742.6 542.5 548.8 681.5 389.9 380.3 572.0 396.3
std 549.9 462.2 346.9 324.3 428.0 245.5 232.4 358.6 242.3
min 85 80 43 54 0 35 35 56 0
max 4095 4095 4095 4095 4095 4095 4095 4095 4095
99Effi 3012 2391 1582 1534 1738 1011 968 1481 1031
sat P50 P50 – – – – – – –
statistics of entire images (averages, standard deviations, mini-
mums,maximums and 99%-efficiency, i.e. width of histogram after
0.5% of DNs are left out from both ends). The histogram evaluations
were included in the investigation because analysis of histograms
is a potential method for in-flight quality control of exposure set-
tings.

3. Results

3.1. General performance

General performance evaluation showed that the most serious
problem of the imagery was the saturation in many cases due to
overexposure.
Histogram statistics of images from each setting are shown in

Table 3. Results show that the dynamic range based on minimum
and maximum values in the images was practically a full 12 bits
for every image. As the amount of radiance entering the sensorwas
decreased by the exposure settings, the average numbers, standard
deviations, and the 99%-width of the histogramdecreased,which is
an expected performance.With unsaturated images, the 99%width
of the histogram was between 945–1998 DNs for RGB channels,
1729–2887 DNs for NIR and 968–1738 DNs for PAN channel
respectively. The brightest objects on non-saturated images on
R, G, B and PAN channels were in order of brightness: tin roofs,
white gravel, reference target P50 and asphalt roads. On NIR
channel, the brightest targets were tin roofs and forests, following
white gravel. The darkest objects on R, G, B and PAN channels were
the shadows in forests, then water. On NIR channel, water was
darker than shadows.
The reference targets that were saturated in each exposure

setting are given in Table 3. In worst cases, reference target
P30 (average reflectance 0.26) was saturated, while with several
settings, reference target W2 with reflectance value 0.51 was not
saturated. Average target DNs as a function of at-sensor radiance,
and standard deviations [in %] for saturated (1A) andnon-saturated
setting (2D) are shown in Fig. 3. Overexposure of bright reference
target (W2 and P50) did not always appear as DN 4095, especially
on NIR and green channels (Fig. 3).
A known performance of the reference reflectance targets is a

certain level of non-uniformity (Markelin et al., 2008). DN standard
deviations [in %] of non-saturated targets were around 3.7% for MS
channels (GSD approx. 24 cm); for PAN channel (GSD approx. 5 cm)
the standard deviations were 5.3% for tarpaulins (P20, P30, P50)
and 8.8% for gravel targets. The standard deviations are caused by
the non-uniformity of the reference targets, which is highlighted
on high-resolution images. The saturation caused a decrease of the
standard deviation (Fig. 3).
The DNs, which were normalized with exposure time and size

of the aperture, are shown for all settings in Fig. 4 for green
and PAN channels as the function of the at-sensor radiance. The
performance of blue, red and near infrared channels was similar
to the green channel. The general performance was linear, but
the overexposure and saturation caused nonlinear performance in
high reflectance values in many cases. Blue and green channels
were most sensitive for overexposure, where as panchromatic
channel was the least sensitive.When saturation did not occur, the
linearity of the sensor was good on all color channels (Figs. 3 and
4); the R2-values of the linear regression were over 0.993 for all
channels (Section 3.2, Table 4).

3.2. Absolute calibration

Absolute calibration parameters for each of the camera settings
were calculated using non-saturated targets (Eq. (1)). Both normal-
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Fig. 3. Left: Reference target average DNs as a function of simulated at-sensor radiances. Right: standard deviations (%) per target and color channel. Top: saturated setting
1A, bottom: non-saturated setting 2D.
ization methods (Eqs. (2) and (3)) were used. When DNs were nor-
malized with respect to exposure time, the absolute calibration
parameters, especially gain, were relatively similar for settings
with the same aperture. When DNs were normalized with respect
to aperture size and exposure time, the absolute calibration param-
eters from all settings were close to each other. As the normaliza-
tion influenced only the possibility to compare absolute calibration
parameters from different aperture settings, the following anal-
ysis concentrates on the evaluations using DNs normalized with
respect to time and aperture, which enable largest number of
comparisons.
The calibration parameters, their standard deviations and R2-

values for each setting, are presented in Table 4; the similarity of
the calibration parameters can be seen in Fig. 5. In many cases,
the offset parameter was detected statistically insignificant by a
t-test (i.e. the standard deviation was high in comparison to the
parameter value). However, the full two-parameter linear model
was used, because the full model decreased systematic residuals
and provided better accuracy. The NIR channel had the largest off-
set values. The normalization of the DNs using exposure time and
aperture size appeared to remove the effects of these exposure pa-
rameters quite well. Especially the cal_gain—parameters became
almost identical for each color channel, in cal_offset there were
more deviations (Table 4, Fig. 5). The offset parameters were al-
ways negative.
Residual statistics (Eqs. (7) and (8)) are presented in Table 4 and

individual reference target residuals for green andNIR channels are
shown in Fig. 6. Residuals of red and blue channels were similar
to residuals of green channel and residuals of PAN were similar to
NIR channel. _o 0 were between 1.17% and 7.64%; the average _o 0
for different channels were 2.6% for blue, 3.4% for green, 3.5% for
red, 4.8% for NIR and 3.9% for PAN. Individual residualsweremostly
less than 5%, but especially in the case of NIR channel, larger values
appeared. Settings 1A always had the lowest values, and setting 2F
Fig. 4. Normalized reference target average DNs as a function of simulated target
at-sensor radiances (normalization done using Eq. (3)). All settings, green and PAN
channels. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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Table 4
Absolute calibration parameters and residual statistics for all settings and color channels. Statistically significant cal_offset parameters by t-test are in bold. Ch.: Color
channel, set.: camera setting, N: number of targets used in calculations; cal_gain and cal_offset: absolute calibration parameters; s_gain and s_off: standard error values for
calibration parameters; R2: the coefficient of determination for linear fit. Residual statistics for each setting in %: s_0: standard error of unit weight; std: standard deviation;
ave: average; min: minimum; max: maximum.

Ch. Set. N Calibration parameters and statistics Residual statistics (%)
cal_gain cal_offset s_gain s_off R2 s_0 std ave min max

B 1A 5 2.91E−03 −2.41E−04 2.74E−05 2.30E−04 1.000 1.8 1.5 0.1 −2.0 2.4
1B 5 2.95E−03 −7.91E−04 4.03E−05 4.05E−04 0.999 2.7 2.3 0.2 −2.4 3.9
1C 6 3.09E−03 −1.35E−03 3.79E−05 5.44E−04 0.999 2.7 2.4 0.3 −2.2 4.4
2A 7 3.24E−03 −9.13E−04 2.58E−05 3.72E−04 1.000 2.1 1.9 0.4 −2.9 3.5
2B 6 3.22E−03 −1.03E−03 5.07E−05 5.37E−04 0.999 2.2 2.0 0.3 −2.6 3.3
2C 8 3.13E−03 −5.39E−04 3.95E−05 7.54E−04 0.999 1.9 1.7 −0.3 −2.4 2.8
2D 8 3.34E−03 −3.95E−04 7.86E−05 1.43E−03 0.997 3.3 3.0 −0.9 −3.5 3.8
2E 7 3.40E−03 −1.46E−03 2.70E−05 4.02E−04 1.000 2.1 1.9 0.4 −2.9 3.4
2F 8 3.38E−03 −7.12E−05 9.71E−05 1.77E−03 0.995 4.6 4.0 −1.4 −4.8 5.0

G 1A 5 3.14E−03 −5.25E−04 4.11E−05 3.08E−04 0.999 1.9 1.7 0.0 −2.6 1.7
1B 5 3.28E−03 −1.55E−03 6.22E−05 5.45E−04 0.999 3.4 3.0 0.2 −3.1 4.9
1C 6 3.46E−03 −2.08E−03 3.03E−05 3.74E−04 1.000 2.9 2.6 0.2 −2.3 5.2
2A 7 3.64E−03 −2.00E−03 2.66E−05 3.37E−04 1.000 2.2 1.9 0.5 −2.7 3.8
2B 6 3.56E−03 −1.82E−03 4.53E−05 4.20E−04 0.999 2.3 2.1 0.3 −2.0 4.0
2C 8 3.23E−03 −6.44E−04 8.17E−05 1.50E−03 0.996 4.1 3.5 −1.3 −4.4 4.5
2D 8 3.44E−03 −1.04E−03 9.29E−05 1.64E−03 0.996 4.5 4.0 −1.3 −6.0 4.8
2E 7 3.57E−03 −2.22E−03 2.92E−05 4.07E−04 1.000 2.9 2.6 0.4 −2.8 5.7
2F 8 3.52E−03 −3.77E−04 1.17E−04 2.04E−03 0.993 6.0 5.1 −2.0 −6.9 5.7

R 1A 6 3.81E−03 −9.13E−04 2.80E−05 2.12E−04 1.000 1.7 1.5 0.1 −2.1 2.3
1B 6 3.90E−03 −1.60E−03 3.37E−05 2.99E−04 1.000 2.4 2.1 0.0 −3.2 3.3
1C 7 4.03E−03 −1.11E−03 2.47E−05 3.31E−04 1.000 1.8 1.7 −0.3 −2.9 1.5
2A 8 4.05E−03 −3.25E−04 9.48E−05 1.20E−03 0.997 4.2 3.6 −1.4 −4.9 4.4
2B 7 4.15E−03 −1.50E−03 1.37E−05 1.39E−04 1.000 0.8 0.7 0.0 −0.9 1.2
2C 8 3.97E−03 −5.27E−04 7.73E−05 1.05E−03 0.998 3.9 3.3 −1.3 −4.3 3.8
2D 8 4.23E−03 −5.75E−04 1.08E−04 1.39E−03 0.996 5.2 4.4 −1.7 −7.1 4.5
2E 8 4.05E−03 −4.87E−04 9.68E−05 1.32E−03 0.997 4.7 4.0 −1.6 −5.4 4.2
2F 8 4.32E−03 −6.90E−05 1.47E−04 1.88E−03 0.993 7.1 6.0 −2.5 −9.0 6.1

N 1A 6 1.95E−03 −2.92E−03 9.79E−06 1.02E−04 1.000 1.2 1.0 0.0 −1.9 1.2
1B 6 1.99E−03 −3.30E−03 2.33E−05 2.79E−04 0.999 2.6 2.3 0.0 −3.7 3.3
1C 7 2.03E−03 −3.89E−03 1.73E−05 3.18E−04 1.000 3.1 2.8 −0.4 −4.7 3.2
2A 8 2.14E−03 −2.80E−03 4.55E−05 7.66E−04 0.997 4.2 3.6 −1.3 −8.0 4.5
2B 8 2.04E−03 −2.28E−03 4.33E−05 7.79E−04 0.997 4.9 4.2 −1.7 −6.5 3.8
2C 8 1.92E−03 −2.81E−03 3.61E−05 7.07E−04 0.998 4.8 4.1 −1.5 −8.3 3.5
2D 8 2.07E−03 −4.19E−03 5.79E−05 1.10E−03 0.995 8.7 7.8 −1.9 −13.3 7.2
2E 8 2.08E−03 −3.12E−03 4.22E−05 7.85E−04 0.998 5.7 5.0 −1.5 −10.5 3.8
2F 8 2.12E−03 −3.61E−03 7.04E−05 1.31E−03 0.993 7.6 6.7 −2.2 −12.1 6.5

P 1A 6 1.53E−02 −1.15E−03 1.42E−04 2.64E−04 1.000 1.8 1.6 0.2 −1.4 3.1
1B 6 1.58E−02 −1.94E−03 1.33E−04 2.88E−04 1.000 2.8 2.5 0.2 −2.6 4.8
1C 8 1.53E−02 −3.93E−04 3.30E−04 1.41E−03 0.997 4.4 3.8 −1.4 −5.3 3.6
2A 8 1.63E−02 −7.92E−04 3.02E−04 9.10E−04 0.998 3.0 2.6 −0.9 −3.7 3.3
2B 8 1.64E−02 −9.45E−04 2.49E−04 7.71E−04 0.999 2.9 2.5 −0.9 −3.4 3.0
2C 8 1.63E−02 −1.13E−03 3.53E−04 1.12E−03 0.997 4.0 3.5 −1.3 −4.2 4.5
2D 8 1.70E−02 −8.74E−04 3.87E−04 1.19E−03 0.997 4.8 4.1 −1.6 −6.3 4.7
2E 8 1.62E−02 −1.02E−03 3.65E−04 1.19E−03 0.997 4.4 3.7 −1.4 −4.8 4.8
2F 8 1.75E−02 −4.81E−04 5.91E−04 1.79E−03 0.993 7.2 6.1 −2.5 −9.7 6.9
had, in most cases, the highest values. Low values for settings 1A
might be due to a lower degree of freedom. NIR channel had the
highest _o 0 values compared to other channels.
Systematic features appeared in individual target residuals; es-

pecially on the second day, the residuals of each target are clearly
correlated in many cases (Fig. 6). A likely reason for this per-
formance is the inaccuracy of the reference value measurement,
which is larger than the variance of the sensor.

3.3. Stability analysis of the sensor

The stability analysis of the sensorwas based on pair-wise com-
parisons of absolute calibration parameters from different settings
and on the evaluation of the accuracy of calibration (Section 2.4.1).
The comparisons were performed on three levels: first, between
settings with the same f -stop and from the same day, then with a
different f -stop and from the same day, and finally between set-
tings from different days. In relative radiometric scaling, reference
target B2b and the setting 2D were chosen as reference.
3.3.1. Same f -stop
RMSEs of stability evaluations (Eq. (13)) for the same day and

same f -stop data are shown in Fig. 7(a) for multispectral channels.
Setting 1A had systematic differences in comparison to the settings
1B and 1C (RMSEs larger than 15%). For other pairs, the RMSEswere
on average 4.7% for blue, 5.8% for green, 5.8% for red, 5.4% for NIR
and 7.0% for PAN channel. The RMSEs were inmany cases less than
5%. The best RMSEwas 2.4% for the pair 2E–2B on blue channel and
the worst RMSE was 20.9% for the pair 1C–1A on blue channel.
Results of stability evaluations (Eqs. (10) and (13)) on multi-

spectral channels after relative PAN-scaling for the same day and
same f -stop data are shown in Table 5 and Fig. 7(b). The relative
scaling with PAN-data decreased the RMSEs in most cases. Great-
est improvement appeared on green channel, where all compar-
isons improved. With the PAN-scaled data, the RMSEs were on
average 3.5% for blue, 2.9% for green, 4.3% for red, and 5.7% for NIR;
the maximum RMSE was 7.5%. The PAN-scaling removed the sys-
tematic difference with setting 1A compared to settings 1B and 1C.
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Table 5
Relative error statistics for comparisons between settings with same f -stop, relative PAN-scaled data, MS channels. The first row shows which setting pairs are compared.
Cases where comparison of regressions by the F-test indicated statistically significant differences are in bold. Relative error statistics in %: RMSE: root-mean-square error;
std: standard deviation; ave: average error; min: minimum error; max: maximum error.

1C–1A 1C–1B 1B–1A 2E–2A 2E–2B 2A–2B 2D–2C 2D–2F 2C–2F

B RMSE 2.37 2.97 1.69 5.82 7.25 2.12 2.12 3.58 3.24
std 2.43 2.84 1.84 2.70 2.59 1.90 1.97 3.54 3.40
ave 0.95 1.53 −0.38 −5.26 −6.86 −1.22 −1.07 −1.37 −0.64
min −1.15 −1.09 −2.51 −9.47 −10.76 −4.07 −2.79 −5.47 −5.29
max 4.91 6.27 2.54 −0.60 −2.73 1.56 2.47 4.17 4.46

G RMSE 2.87 3.00 2.70 1.76 2.73 2.55 2.78 3.73 4.36
std 2.72 3.31 2.26 1.90 2.50 2.52 2.96 3.96 4.50
ave −1.53 0.48 −1.78 0.09 −1.50 −1.10 0.28 0.42 −1.14
min −4.44 −2.76 −4.41 −3.05 −4.46 −4.10 −3.26 −4.52 −5.13
max 1.93 6.04 0.91 3.33 3.14 3.57 4.91 6.10 5.66

R RMSE 4.35 3.14 2.54 4.70 6.45 4.88 3.32 4.53 4.56
std 1.52 2.33 1.97 3.50 3.33 3.44 3.25 4.81 4.85
ave −4.13 −2.30 −1.79 −3.37 −5.66 −3.70 −1.35 −0.51 −0.47
min −6.74 −6.16 −3.77 −6.62 −8.92 −7.13 −4.23 −5.40 −5.43
max −2.69 −0.01 1.41 2.36 −1.41 0.72 3.66 6.30 6.41

N RMSE 6.29 3.17 3.37 4.06 7.45 5.90 9.39
std 1.59 3.36 2.68 2.79 4.36 5.58 8.54
ave −6.12 −0.41 −2.26 −3.10 6.23 2.74 −4.94
min −8.66 −6.58 −7.03 −7.39 −2.09 −5.22 −16.43
max −4.27 4.84 0.88 0.38 12.50 9.68 6.90
Fig. 5. Absolute calibration parameters for the normalized data. Top: Cal_gain; bottom: Cal_offset.
The F-test found several statistically significantly different pa-
rameter sets for data after normalization and relative PAN-scaling
(Table 5). Inmany cases, the F-test indicated significant differences
for parameters from two settings, for which the RMSEs indicated
relatively good agreement; for example, settings 1A and 1B on all
MS channels. Meanwhile, in many cases, the F-test did not indi-
cate significant differences between settings forwhichRMSEswere
high (e.g. most comparisons in NIR channel). The conclusion of the
comparisons of the regressions by F-test was that the relatively
large variability of the data disturbed the analysis.

3.3.2. Different f -stop
RMSEs of stability evaluations for the same day and different

f -stop data are given in Fig. 8(a). Several setting pairs provided
lower than 5% RMSE. The best RMSE was 2.0% for setting pair 2D
and 2A on blue channel, and the worst RMSE was 23.0% for setting
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Fig. 6. Calibration residuals (%) per target for green and NIR channels, all settings.
s_0 is the standard error of unit weight (Table 4).

Fig. 7. RMSE statistics (%) for comparisons between settings with same f -stop, MS
channels. Top: normalized data, bottom: normalized and relative PAN-scaled data.
Fig. 8. RMSE statistics (%) for comparisons between settings with different f -stop,
MS channels. Top: normalized data, bottom: normalized and relative PAN-scaled
data.

pair 1C and 1A on NIR channel. Again, the comparison of setting
1A indicated a large systematic difference to 1C on NIR and PAN
channels. For other pairs, the RMSEswere on average 3.8% for blue,
5.4% for green, 5.8% for red and 10.5% for NIR channel. The only
remaining comparison on PAN channel gave RMSE 3.6% for pair
1C–1B.
Statistics for stability evaluations (Eqs. (10) and (13)) after rel-

ative PAN-scaling for the same day and different f -stop data are
shown in Table 6 and Fig. 8(b). The relative PAN-scaling showed
clear improvements in results in most cases. Again, the highest
differences on blue, green and red channel decreased and the
RMSEs were in general lower than 5%. The most significant im-
provements appeared on green and red bands; on blue and NIR
band the improvements were smaller. The RMSEs were on average
3.5% for blue, 4.0% for green, 4.5% for red and 9.2% for NIR channel.
The NIR channel appeared to provide clearly worse results in

the comparisons between two f -stops both with and without the
relative PAN-scaling than other channels; the results of NIR chan-
nel with different f -stops were clearly worse than the results with
same f -stop (Section 3.3.1). On other channels the results with dif-
ferent f -stops were only slightly worse than the results with same
f -stop. Furthermore, on blue, green and red channels the scaling
with PAN channel improved clearly the results, while on NIR chan-
nel the results did not significantly improve. The performance of
NIR channel could be due to the differences on atmospheric in-
fluences on PAN and NIR channels and/or due to instability of NIR
camera, which cannot be eliminated by the PAN-scaling method.
Again, the comparison of absolute calibration parameters with

F-test provided several contradicting results; regression param-
eters were considered statistically different, even though RMSEs
were low and vice versa. For example, the F-test did not indicate
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Table 6
Relative error statistics for comparisons between settings with different f -stop, relative PAN-scaled data, MS channels. Cases where comparison of regressions by the F-test
indicated statistically significant differences are in bold. Abbreviations are described in the caption of Table 5.

1C–1A 1C–1B 2C–2A 2C–2B 2C–2E 2D–2A 2D–2B 2D–2E 2F–2A 2F–2B 2F–2E

B RMSE 1.57 3.15 4.67 2.21 4.04 4.07 2.72 4.54 4.31
std 1.41 1.60 1.70 1.56 1.75 2.07 2.18 2.31 2.90
ave −0.87 −2.79 4.39 −1.68 −3.71 3.59 −1.82 −4.03 3.38
min −3.07 −4.26 2.73 −3.48 −4.92 1.67 −3.35 −5.53 0.53
max 0.66 0.01 6.93 0.47 −0.29 6.73 1.51 0.57 7.69

G RMSE 4.11 2.43 4.49 5.17 3.28 5.60 4.05 2.93 4.32
std 2.94 2.49 3.16 2.05 1.86 2.42 3.79 3.18 3.92
ave 3.08 0.86 3.40 4.81 2.80 5.13 2.03 −0.38 2.35
min 0.58 −1.63 −0.30 3.10 0.89 2.22 −1.60 −3.38 −2.05
max 7.76 5.35 7.87 8.20 6.02 8.31 7.83 5.23 7.95

R RMSE 3.35 4.55 3.45 3.32 4.54 3.39 5.45 7.26 4.94
std 3.26 3.02 3.66 3.21 2.95 3.61 4.53 4.57 4.97
ave −1.38 −3.60 0.37 −1.42 −3.63 0.34 −3.42 −5.90 −1.67
min −4.21 −6.47 −3.15 −4.14 −6.41 −3.11 −8.52 −10.78 −6.89
max 3.98 0.28 5.83 3.86 0.18 5.72 3.66 −0.04 5.51

N RMSE 1.85 5.07 7.59 5.79 7.40 15.56 14.38 14.69 10.27 8.86 9.64
std 1.09 2.71 3.10 2.48 4.66 4.96 6.30 5.35 2.71 3.57 3.97
ave −1.56 4.43 7.01 5.30 5.98 14.86 13.12 13.81 9.95 8.21 8.90
min −3.44 1.44 1.30 0.88 −2.30 5.63 1.40 5.47 4.46 0.22 3.44
max −0.35 9.18 11.87 8.20 10.88 20.37 21.66 24.14 12.30 12.68 15.17
Fig. 9. RMSE statistics (%) for comparisons between settings from different days,
normalized and relative PAN-scaled data.

that the comparisons with largest RMSEs on NIR channel were sta-
tistically different.

3.3.3. Different day
Without the relative PAN-scaling, all the first day settings had

large systematic differences compared to second day settings. It is
possible, that the measurement set-up caused this difference, so
these results are not shown here. After the relative PAN-scaling,
the RMSEs between different days became closer to the results
other comparisons (Fig. 9, Sections 3.3.1 and 3.3.2). Settings 2D
and 2E were taken as representative settings for the day 2, and
these settings were compared to the all first day settings. These
comparisons were not restricted to settings with the same f -stop.
The RMSEs were on average 5.2% for blue, 4.5% for green, 3.1% for
red, 10.9% for NIR and 2.8 for PAN channel. The larger RMSE on
NIR channel were because of the comparisons with setting 2D had
a clear systematic difference. The differences were only slightly
higher than the differences from comparisons within same day.

3.3.4. System conditions
The system conditions during the flight are shown in Table 1.

The chip and shutter temperature are increasing during the
operation up to 8°–10°. The test set-up does not give the possibility
to evaluate influences of this on the results.
4. Discussion and conclusions

Digital imaging gives a possibility for quantitative utilization of
radiometric information of photogrammetric data. Sensor stability
is one of the prerequisites of accurate radiometry. This article es-
tablished a methodology for sensor stability evaluation. It is based
on vicarious, reflectance-based, absolute radiometric calibration. It
compares absolute calibration parameters obtained from different
images and evaluates fit (accuracy) of absolute calibration parame-
ters obtained from one image to different images. A test field, with
accurate reference reflectance targets, and accurate determina-
tion of the at-sensor radiance is needed. Sensor exposure settings,
i.e. the exposure time and aperture, should be either constant, or
they should be recorded during the flight. Also the potential of
image-wise relative radiometric scaling method based on a ratio
of reference target DNs on PAN channels in eliminating influences
of changes in illumination/atmospheric conditions was studied.
The methodology was tested using imagery collected over the

Sjökulla test field, which is according to our knowledge the oldest,
operational, permanent, photogrammetric test field for geomet-
ric and radiometric performance analysis in the world. The image
collections were performed with variable exposure time and aper-
ture settings. Information of these settings could be found from the
metadata files collected during the flight, but there was no infor-
mation about the accuracy of these values.
Results indicated that the at-sensor radiance values based

on reference target reflectances and radiative transfer modeling
were not quite perfect; the problems might be caused by limited
precision of the reference reflectance measurements, differences
between the measurement process in field and by photogrammet-
ric sensor, limited precision of the atmospheric modeling and/or
changes in object (e.g. moisture changes of gravel targets). We will
examine these issues in our future studies.
Stability was evaluated using images having reference targets

close to image nadir. Comparisons were performed between im-
ages collected with similar aperture, between images collected
with different apertures and images collected on different days.
The results indicated relatively good stability. After relative PAN-
scaling, all three comparisons provided almost similar estimates
of stability; the RMSEs were better than 5% in most of the evalua-
tions. The non-scaled data indicated worse stability; RMSEs were
often better than 5% but had large variation of 2%–20%. With the
non-scaled data the instability was obviously due to the changes in
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illumination conditions. The results with scaled data could be con-
sidered as very promising, as results indicated close to 5% stability,
even though instability of two sensors (PAN and MS) incorporated
the result. Results of NIR channel wereworse, and it should be con-
sidered if this was due to the imaging system or other reasons. In
addition to the illumination conditions, other reasons for the de-
tected differences are the changes in the objects and the sensor
instability.
The expectation was that the differences of calibration coef-

ficients on two aperture settings were on level of 5% (Ryan and
Pagnutti, 2009). However, there did not exist information for this
specific sensor and especially, on the accuracy of the shutter of the
DMC in general. Results indicated that the differences of calibra-
tion parameters of f -stops 4.0 and 5.6 could be less than 5% on R,
G and B channels (includes the inaccuracy of MS and PAN sensors).
Results with NIR channel indicated that the difference of f -stops
4.0 and 5.6 could be below 5% but that the differences of f -stops
5.6 and 8.0 could be higher. In any case, the recommendation is to
use individual calibration factors for each f -stop value.
Aperture and exposure settings are critical parameters of the

frame-based imaging sensors. Constricting the radiance entering
the sensor too much decreases the dynamic range and image
quality, on the other hand. The decrease of dynamic range could
be detected by analyzing 99% width of the histogram; this method
has been used in Finland as an operational quality indicator
(Honkavaara et al., 2004). In the future, a comprehensive evalu-
ation of histograms should be integrated to the in-flight quality
control procedure, which would prevent unwanted over or un-
derexposure of images. This is one of the improvements for the
in-flight data evaluation process requested by the providers of
photogrammetric imagery (Honkavaara et al., 2009).
Linearity of the DMC appeared to be good, which is consistent

with the linearity information given by the laboratory calibration
documentation (DMC, 2008) and our previous investigations
(Markelin et al., 2008).
There are several possible ways to improve the methodology.

Improvements could concern uniformity of reference targets and
in situ measurements of atmospheric properties. Furthermore, the
measurement of target BRFs during the flight would enable the
application of the method for off-nadir views. In Finland, where
there is a limited number of appropriate imaging days, and the
image producers put first priority for the production (i.e. not in
system evaluation) the most attractive approach is to establish
a permanent test field. It should contain permanent reference
targets, and permanent equipment for the measurement of the
object reflectance and atmospheric conditions (Honkavaara et al.,
2008; Markelin et al., 2008). Integrating calibrated radiometers
to the photogrammetric sensor during calibration flights could
reduce requirements for test fields and improve the accuracy
(Martínez and Arbiol, 2008); the scaling with panchromatic image
demonstrated possibilities of utilizing additional sensors in the
processing. In the future we will include the entire image area to
the analysis by utilizing the object BRF information.
The laboratory calibration, or at least the calibration documen-

tation, of the DMC should include more information about the
sensor stability. The laboratory calibration is the most accurate
method to perform these analyses. However, it is important to con-
tinue evaluations of stability aspects of various sensors also in op-
erational conditions. Especially, if the sensors are designed to be
stable, it is important to validate the stability of the entire system.
The presented methods are functional for these stability analyses.
Themost important contribution of this article was the opening

of the issue of the radiometric stability evaluation of photogram-
metric sensors. We hope that manufacturers will present in the fu-
ture more information concerning the stability of the sensor; for
instance, accuracy of shutter, both in terms of aperture size and
exposure time, is of fundamental importance. The influences of
temperature are also of relevance. It is also crucial that the manu-
facturer announces if the sensor has not been designed to be stable,
for instance, to a level of 5%.
Another important contributionwas the presentation ofmetho-

dology for the stability evaluation. We believe that as soon as
the bottlenecks of the methodology are improved, it will provide
accurate information of the system stability. There are interna-
tional processes for the standardization of calibration and valida-
tion processes of photogrammetric sensors, and for establishment
of test fields for these systems (Cramer, 2008). Investigations are
needed to find cost efficient and accurate calibration/validation
approaches.
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