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Abstract11

The image data of the Context Camera (CTX) of the Mars Reconnaissance Orbiter re-12

quire a flat-field correction that is currently available as a plain text file in the Plane-13

tary Data System ”calib” folders for all CTX Enhanced Data Record (EDR) releases or14

automatically implemented as part of the ctxcal application of the Integrated Software15

for Images and Spectrometers (ISIS). We noticed 1) differences between these two flat-16

fields and 2) residual edge darkening (vignetting) after applying ctxcal. This work ex-17

amines in detail the edge-darkening effect over time and creates a new improved flat-field18

calibration file to be implemented into the ISIS ctxcal application as a new default.19

We introduce a method to quantify the vignetting effect and its residuals after reg-20

ular ISIS calibration. With the old calibration, the amount of residual edge-darkening21

is about eight percent. We prove that the new calibration does remove the effect com-22

pletely, does not introduce any artifacts and qualitatively and quantitatively validate newly23

calibrated images. Mosaics produced with images that have been calibrated with our new24

flatfield show immediately less striping issues, without the application of any standard25

mosaicking-related tone-matching techniques.26

Plain Language Summary27

The image data of the Context Camera (CTX) of the Mars Reconnaissance Orbiter28

require a correction of optical (vignetting) and electronic (pixel-to-pixel variations) ef-29

fects that need to be applied for each image before scientific work can commence. These30

corrections are commonly called flat-field corrections. In this work we notice that the31

existing correction for CTX leaves an edge darkening in the images. We review the ex-32

isting flat-field correction, examine how it might change over time and create a new ver-33

sion of this correction that shall be implemented as a new default into the widely used34

image processing framework ISIS, so that other scientists can easily benefit from our im-35

provements.36

1 Introduction37

The Context Camera (CTX) onboard NASA’s Mars Reconnaissance Orbiter (MRO)38

(Malin et al., 2007) has been in orbit since 2007 and has so far (as of December 2023)39

acquired more than 145,000 images that have been transmitted back to Earth. The im-40

ages are one of the most popular data sets for planetary geologists. They offer exten-41

sive planetary coverage and excellent radiometric resolution for enhanced contrast and42

represent a unique resource for interpreting surface features. Although the accompany-43

ing camera High Resolution Imaging Science Experiment (HiRISE) currently has the high-44

est ground sampling dimension of all scientific cameras sent to space (up to 30 cm per45

pixel, McEwen et al., 2007), it will not reach the complete surface coverage in the fore-46

seeable future. The spatial sampling of CTX with approximately six meters per pixel47

(mpp) is ideal for the interpretation of the most common surface processes, and it is still48

in the range of more recent cameras sent to Mars, such as the Colour and Stereo Sur-49

face Imaging System (CaSSIS) instrument onboard the Trace Gas Orbiter (TGO).50

The Integrated Software for Imagers and Spectrometers (ISIS) is a software library51

and set of tools to support ingestion, processing, and analysis of planetary science data52

(Laura et al., 2023) and is the standard processing framework for CTX images. Since53

the beginning of its mission, images of the CTX instrument have exhibited a subtle dark-54

ening effect, from the center of an image towards the edges of the sensor (i.e. across-track).55

Such effects are usually caused by lens vignetting and should be corrected by the flat-56

field correction provided by ISIS. Although it might not always be visible by looking at57

a single image as the surface variations often overprint the darkening effect, the prob-58

lem manifests as visible seam lines at the image borders when multiple images are mo-59
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saicked together and, of course, also affects albedo measurements from the camera’s cal-60

ibrated values. Due to its typical shape when plotted as a profile, the effect is sometimes61

called the ”frown” effect, analog to the spectral smile effect in hyperspectral image pro-62

cessing (see Figure 1).63

Figure 1. Subset of CTX image G09 021566 1800 XN 00S191W after nominal ISIS calibra-

tion (top) together with a plot of the image’s reflectance values averaged over all lines (bottom).

As the surface reflectance is relatively homogeneous, the image clearly shows typical darkening

towards the along-track image borders, and the average plot of the samples shows an apparent

edge-darkening effect.

Some authors have addressed this darkening effect and its correction in their work,64

primarily based on their activities related to image mosaicking of CTX. Robbins et al.65

(2020a, 2020b, 2023) mention the appearance of darkening across the line scan camera66

and explain it by the pixels at the edges of the detector being less sensitive than those67

in the middle. They claim that the amount of the effect had changed during the cam-68
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era’s lifetime and explain it with the aging of the hardware. Their successful correction69

of the edge-darkening effect is based on applying empirical flat-fields on top of the al-70

ready calibrated images. In particular, they use the ISIS routine makeflat first to build71

an additional flat-field for a distinct set of images that have already been calibrated with72

ctxcal and then use ratio to apply the supplementary multiplicative correction. A sep-73

arate flat-field for each configuration of different image widths is applied, and the tem-74

poral changes are addressed by using images of the same mission month for each respec-75

tive flat-field. Presumably, due to limited stochastic variety in their pool of images for76

each configuration, the authors describe brightness differences inherent in the flat-field77

being imprinted on other images. They solve this problem by visual examination and78

re-processing of the ”faulty” images with ”different” (unpublished) parameters (Robbins79

et al., 2020a).80

Dickson et al. (2018, 2020, 2023) describe the effect as ”smile” artifacts being a dis-81

turbing factor in their image blending process during the creation of the ”Murray Lab’s82

Global CTX Mosaic”. As a solution, they apply a column-based normalization on the83

single images using the ISIS program cubenorm, which works on one image to create nor-84

malized values in line direction and performs a multiplicative correction for each pixel85

in a single step. According to the authors, this method has the drawback of introduc-86

ing vertical striping artifacts for low signal-to-noise images. While using only one im-87

age for the column-based normalization curve might successfully normalize the images88

in a visually pleasant way, the risk of introducing artifacts by systematic surface-related89

brightness variations (see Section 2.3 and Figure 4) seems to be very high and homog-90

enization of the natural reflectance variations might be the consequence. The global CTX91

mosaic presented by the authors shows a high-pass filter effect which becomes visible by92

zooming out to planet-scale resolution – the planet appears as a ”flat” single gray value,93

which does not represent Mars as we know it. A systematic removal of the residual edge-94

darkening effect of the single images would require less drastical tone-matching meth-95

ods and would therefore improve the low-frequency component of the mosaic.96

The public does not have access to any of the aforementioned work-arounds for elim-97

inating the residual edge-darkening effect following nominal calibration. Even more in-98

dividual solutions for creating mosaics for scientific publications seem to exist, but the99

methods are not mentioned in the respective papers. In this work, we aim to develop a100

new solution to correct the residual edge-darkening effect that goes beyond the limita-101

tions of current methods. We are investigating whether the problem exhibits any tem-102

poral variations and provide insights into how it might change over time. We present a103

new empirical flat-field calibration file for ISIS which removes the residual edge-darkening104

effect and ensure that it does not introduce any artifacts, and provide it to the public.105

Additionally, we perform in-depth quantitative and qualitative validation of calibrated106

images to show the significance and validity of the improvements.107

2 Materials and Methods108

To thoroughly explore the impact of the CTX camera’s edge-darkening effect, we109

have to first gain a comprehensive understanding of the camera itself and the standard110

data processing pipeline, with a particular emphasis on the calibration procedures. We111

then describe our methods for creating a custom flat-field calibration to eliminate the112

darkening effect from the images.113

2.1 CTX Camera and Data Summary114

The CTX instrument is built around a Kodak KLI-5001G charge-coupled device115

(CCD) image sensor with a nominal length of 5056 pixels (px). In the camera setup, only116

5000 px are in active use, while 38 px at the beginning and 18 px at the end of the sen-117

sor are masked and serve as reference pixels to determine the dark currents. The radio-118
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metric resolution of the sensor is 12 bit, and the delivered digital numbers (DNs) in the119

range of 0 to 4095 are compressed to 8-bit by internally storing the values in a square-120

root-based lookup table. The signal processing consists of two separate analog chains with121

odd (A) and even (B) pixels alternatively processed by each channel. The value of the122

temperature sensor of the focal plane assembly (FPA) is stored in the binary header of123

every recorded image line (Malin et al., 2007).124

At the time of this writing1, the Planetary Data System (PDS) data release No. 67125

from December 1st, 2023, added the latest CTX images up until May 2023 for a total126

number of 145,086 images containing 15.59TiB of data in compressed PDS format. From127

the 139,071 images marked as not erroneous in their label, 139,027 were pointed to the128

surface of Mars. Most of this subset (137,657 images) have been commanded without pixel129

summing and with an entire 5056 sample image width, 1370 with a binning mode of two,130

leading to half the image width. In a special windowing mode with a sample first pixel131

setting other than zero 20,025 images have been taken.132

The CTX file naming in the PDS follows a scheme where the first character cor-133

responds to the Martian year followed by two digits representing the Earth month. E.g.,134

the images from the first month of the nominal mission start with P01, a month later135

change to P02, and so on. They are followed by a 6-digit number for the MRO orbit and136

a 4-digit number representing the center latitude of the image relative to the descend-137

ing equator crossing on the planet’s dark side. While this first part of the file name pro-138

vides a unique identifier for the respective image, the other characters are used for cat-139

egorization and spatial localization on the planet. Two letters state the initial command-140

ing of the image, followed by a combined code of center latitude, hemisphere, center lon-141

gitude, and a final ’W’, denoting the western longitude direction. Underscores separate142

all of the mentioned elements. Further details about the file naming scheme are given143

in (Bell et al., 2013), Appendix A.144

2.2 CTX Data Calibration145

The intensity measured by the CCD is affected by three main instrument-dependent146

components: The bias and dark-current levels and the pixel-to-pixel responsitivity vari-147

ations of the sensor line. Bias and dark current are additive components to the signal148

and mainly depend on the signal chain. While they can be considered as constant for149

all pixels of the respective odd (A) or even (B) channel (Bell et al., 2013), pixel-to-pixel150

variations are an independent multiplicative factor for each CCD element individually.151

2.2.1 Pre-flight flat-field calibration152

Pre-flight modeling of the dark current proved an exponential dependence on the153

temperature of the FPA and predicted ”essentially zero” dark-current contributions at154

typical CTX flight operating temperatures, with the temperatures depending on solar155

distance and orbital geometry. The geometric characteristics of the optics contribute to156

uneven illumination across the sensor. Together with variations in the quantum efficiency157

of the CCD, they lead to intensity variations along the CCD line. Pre-flight calibration158

measurements in the laboratory with the camera mounted on a rotation stage allowed159

the construction of a flat-field, a common technique to eliminate these variational effects160

in a multiplicative operation. For each angular position, a 1-dimensional flat-field array161

was created. First, the dark reference pixels were subtracted from each line of data. To162

improve the signal-to-noise ratio, all 128 lines of data were summed, and the data from163

all positions were combined into a new 5056 px flat-field array by choosing the maximum164

value for each pixel in the array. The flat-field array was normalized to produce an av-165

1 December 2023
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erage value of 1.0 (excluding the masked reference pixels) (Bell et al., 2013). The gen-166

eral shape of the flat-field is a curve with its maximum in the middle and a distinct neg-167

ative peak around the center representing a single cold pixel with lower sensitivity than168

its neighbors (see Figure 2, red line).169

Figure 2. Comparison of the flat-field data in the PDS (”ctxflat.txt”, red line) and in ISIS

(”ctxFlat 0002.cub”, blue line).

2.2.2 In-flight calibration170

Regular in-flight performance and calibration monitoring and validation have con-171

firmed stable and consistent camera performance regarding bias, dark current level, and172

flat-field behavior after orbit insertion. The flat-field validation consisted of an in-flight173

calibration using dedicated observation maneuvers where the spacecraft’s attitude was174

rotated by 90° during flight, leading to a CCD orientation parallel to the direction of the175

spacecraft’s motion. The resultant smearing effect allows the reduction of terrain-induced176

intensity variations related to the recorded surface, and averaging the smeared line-averaged177

pixels from 15 such images recorded between 2006 and 2008 led to an updated in-flight178

flat-field data set. It was considered very similar to the pre-flight calibration, and it was179

decided to keep the pre-flight calibration as the default CTX flat-field for the PDS archive180

(Bell et al., 2013).181

2.2.3 Calibration pipeline as described in the PDS182

Extensive documentation about the data calibration is available in the ”calib” di-183

rectory of every CTX image release at the PDS, e.g., at the PDS Imaging Node. This184

directory contains a file with instructions for the calibration algorithm, the table for con-185

verting the compressed 8-bit data back to 12-bit, and the pre-flight flat-field values as186

a table, all in plain text format. During the decompanding of the data, a 12-bit value is187

determined for every 8-bit value from a static table. For bias and dark current subtrac-188

tion, the background signals of both the A and B channels are determined by averag-189

ing the DN values of their respective masked-off reference pixels and subtracting these190

values from the respective (odd or even) unmasked pixels. The flat-fielding is performed191

by dividing every pixel value by the corresponding value from the ”ctxflat.txt” flatten-192

ing table, also located in the ”calib” directory (see red line in Figure 2). If the respec-193

tive image sequence was commanded using spatial binning or window mode, the flatten-194

ing table has to be appropriately aligned with the image. The mean difference between195

even and odd pixels is added or subtracted (summing mode one only) to equalize pos-196
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sible small differences between the A and B channels. In a subsequent step, the data may197

be converted to I/F or radiance values (Bell et al., 2013).198

2.2.4 Calibration pipeline as implemented in ISIS199

The CTX calibration pipeline is implemented in the ISIS software following the de-200

scription in the PDS release folders in general but with a few differences. The tasks of201

the calibration pipeline in ISIS are split into three executables:202

1. mroctx2isis for the conversion of the PDS format into the ISIS cube format. Dur-203

ing this task, the dark pixels are moved to an internal ISIS table in the cube file204

referenced by the cube’s label. Usually, this command is followed by a call to spi-205

ceinit to store the spacecraft position, attitude, and planetary constants in the la-206

bel.207

2. ctxcal performs the bias and dark current correction as described in the PDS work-208

flow document, together with the division of the pixel data by the normalized flat-209

field values. The data can be converted to I/F values as a consecutive step.210

3. ctxevenodd removes any remaining systematic offset between the even and odd pix-211

els (appearing as stripes along the sample direction) by adding or subtracting half212

of the average difference of all even and odd pixels (only for the images taken with213

summing mode set to 1, i.e. no binning).214

The current standard flat-field file used in ISIS is stored in the calibration direc-215

tory of the mro subfolder in the IsisData area, in the form of the one-dimensional cube216

file ctxFlat 0002.cub (see Figure 2) together with a description file ”ctxFlat.txt”, which217

lists all images used for the flat-fielding process. When using the ISIS ctxcal tool, if no218

explicit flat-field file is assigned using the flatfile parameter, the calibration file with the219

highest version number in its file name is automatically used. It should be mentioned220

here that we could not reproduce an identical flat-field file from the list of images, which221

might be caused by using a unique set of parameters we are not aware of.222

2.3 Frown factor223

The overall shape of the CTX flat-field is a curve as shown in Figure 2 for the PDS224

or ISIS flat-fields, where the difference between the center and the edges of the detec-225

tor represent a quantifiable strength of the darkening effect caused by vignetting. To quan-226

tify the amount of this edge darkening correction by a flat-field, we introduce the con-227

cept of the frown factor. Similar to the band depth feature quantification in spectral anal-228

ysis, the amount of darkening correction by a flat-field can be expressed by building the229

ratio of the mean values of the central area of the flat-field over the mean of its edges.230

We determine the arithmetic mean of a range of pixels over the central maximum of the231

flat-field and divide it by the mean value of some pixels from the minimal values at both232

edges. Using 800 pixels from the center and 50 pixels on both edges with a distance of233

50 px to the borders proved to be a reliable calculation of the frown factor (see Figure 3).234

The same measure can be calculated from images. To assess the impact of the resid-235

ual edge darkening effect in an image, we compute the arithmetic mean values for each236

pixel across all lines and determine the ratio accordingly. This factor is useful to quan-237

tify the initial darkening effect caused by vignetting if derived from images without flat-238

field calibration. Although a single image’s frown factor could be utilized to quantify the239

individual amount of edge darkening in the image, it may not consistently capture the240

genuine magnitude of the camera’s edge darkening. Depending on the image (or, in the241

case of a flat-field, the images used to derive it), it might be strongly influenced by the242

recorded topography or reflectance in the images. Thus, the frown factor is not strictly243

tied to the edge darkening effect, especially when the images exhibit a natural bright-244

ness distribution systematically increasing towards the borders, attributed to surface re-245
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ff = b
(ā1+ā2)/2

Figure 3. Elements for the composition of the frown factor of a flat-field. ā1 stands for the

mean of 50 pixels taken at position a1, ā2 for the mean of the 50 pixels taken at position a2. b

stands for the mean taken over 800 pixels starting at CCD pixel 2100. The frown factor is then

calculated as the ratio between b̄ and the total mean of ā1 and ā2.

flectance or topography (refer to Figure 4). Non-uniform spatial distribution of surface246

reflectance or topography-induced illumination can overprint the real vignetting effect247

and influence the frown factor. Following the central limit theorem, we assume that the248

influences of topography and brightness should equalize for a high number of images. We249

will find the frown factor as a measure of the camera’s vignetting effect for all images250

if the distribution is symmetric around its mean and tends toward a normal distribution.251

If not, we don’t have a reliable source for the quantification. The same assumption is made252

when choosing many images for building a flat-field for the calibration.253

2.4 Custom CTX flat-field in ISIS254

A custom flat-field can be created by the ISIS tool makeflat, which accepts two in-255

put parameters stdev and numlines together with a list of cube files used as input im-256

ages for the flat-field creation. The two parameters are intended to exclude certain ar-257

eas from the flat-fielding process due to extreme surface variations. The makeflat algo-258

rithm averages a patch of numlines number of lines and normalizes it by dividing it by259

the arithmetic mean of all pixels of that patch. If the standard deviation of the patch260

is larger than the user-entered stdev parameter value, the patch is excluded from the cal-261

culation. The arithmetic means of the 5000 pixels are calculated and stored in a cube262

file as a one-dimensional vector for all remaining patches from the complete list of in-263

put images.264

Instead of correcting the edge-darkening effect after the nominal ISIS ctxcal cal-265

ibration, we aim to replace the existing flat-field and update it with a suitable new ver-266

sion. If the CTX camera degrades or changes its calibration-dependent properties over267

time, we might end up with several flat-fields, each valid only for a specific time range.268

Before building a flat-field from a pool of input images, we correct the input data from269

bias and dark-current effects without any initial flat-field correction. As the ISIS ctxcal270

command combines these two corrections, we turn off the flat-field correction in ctxcal271

by providing a custom flat-field file where all values are set to one. The resulting pre-272

processed bias/dark-current corrected files are provided for calculating one or several new273

flat-fields. At this stage, we could also include using ctxevenodd for A/B channel equal-274

ization in the pre-processing, but for a first-order correction and validation, we leave out275

–8–



manuscript submitted to Earth and Space Science

Figure 4. Three CTX images with different brightness variations and their respective pro-

file plots of the pixel average values over all lines. Left: homogeneous albedo distribution of the

surface leads to a profile plot exhibiting the edge darkening effect. Middle: Low Sun angle illu-

mination on a surface with high topography leads to brightness variations over the scene. The

edge darkening is barely visible in the image and is overprinted in the profile plot. Right: The

image shows polar layered deposits with large brightness differences in line direction, and a black

feature in the middle leads to a central minimum in the profile, which overprints any indicator for

an edge-darkening effect.

this step for the time being. Later we thoroughly compare the two cases and discuss them276

in Section 4.277

The selection of appropriate images for the flat-fielding process is vital for a good278

quality flat-field. We base this selection on attributes existing in the PDS index files, which279

accompany every official CTX data release. We use the planetarypy package (pypi.org/project/280

planetarypy) to access the index, which provides it in the form of a Pandas table in Python,281

including automatic checks for updates in the index table. For additional selection cri-282

teria, we compute image statistics using ISIS’ stats on each image and join the results283

with the PDS index. Images that met our specified selection criteria (as described in the284

following section) underwent processing in parallel using Bash scripts, with each image285

assigned as an independent task. For validating the created flat-fields and the various286

variables as time series, we store the data in xarray objects in Python and use the holo-287

view library for plotting. Pre-processing of the CTX data has been performed on the High288

Performance Computing (HPC) system of Freie Universitaet Berlin (Bennett et al., 2020).289
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3 Results290

In the following paragraphs, we describe our results of the flat-field calibration, pre-291

sented in the sequential order of our self-conducted process. The following sections de-292

scribe our learning process while developing the best criteria for image selection to op-293

timize the flat-field correction.294

3.1 Monthly flat-fields295

Following the work of (Robbins et al., 2020a, 2020b, 2023), we initially created sep-296

arate flat-fields for every mission month. In a first attempt, we include all available im-297

ages for every month and exclude images labeled as erroneous and images with a sam-298

ple length smaller than the full CCD width of 5000 px (caused by either binning or win-299

dowing). The result is a set of 196 single independent flat-fields. Our first observation300

is that many of these flat-fields differ only marginally. By dividing each flat-field by the301

flat-field of the first month of the nominal mission (P01) and plotting the resulting curve,302

we can visualize the deviation of the respective flat-field from the first mission month303

(see Figure 5). During the first 140 mission months until month K12 the plots follow a304

more or less horizontal line around the value one, meaning a good agreement with the305

first month. After that time, we observe two effects appearing in the data: pixel num-306

ber 1357 becomes unstable, and the curvature of the ratio curve starts to increase, which307

would mean an increasing edge darkening effect over time.308

Figure 5. Comparison of selected flat-field ratio plots during the mission time, denominator is

always the 1st nominal mission month (P01); the mission months count excludes months without

data.

3.2 The unstable pixel # 1357309

Appearing at around mission month P10, we observe a noticeable new single peak310

line at pixel number 1357, which often changes its amplitude and, therefore, does not311

behave consistently over time; partly, its signal is below the neighboring pixels, some-312

times above (see Figure 5). To understand the distribution of the unstable pixel 1357,313

we perform a closer investigation on the exemplary mission month J17 and its specific314

images forming the flat-field. For J17, we calculate the column average for every image315

to get a mean value for all pixels in the sample direction. However, for more insight, this316

time, we do not average over all images but keep the profile for every image as an ad-317

ditional dimension. By now plotting a profile for a given pixel across all images of the318
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mission month (see Figure 6), the extreme average pixel values reveal as originating in319

some few individual outlying images. By inspecting the responsible images, we find two320

causes for this behavior of the pixel:321

1. Occurrences of overexposure in images lead to a high increase of the DN signal322

for pixel 1357. This effect lasts for several imaging scenes, so subsequent images323

show higher signals on those pixels.324

2. Very low overall image signal (dark images) taken for calibration purposes or other325

reasons show a significantly higher signal for the 1357 pixel. This effect is greatly326

enlarged because the flat-field is normalized, so a high pixel value is divided by327

a very low average of all pixels. This can lead to very high peaks in the final flat-328

field.329

Both effects can be detected by looking at the statistics of the images. The overexposed330

images contain Not a Number (NaN) values – which are found in the ISIS statistics of331

the images (labeled as ’Null’). The very dark images usually contain negative pixel val-332

ues, presumably created during the dark-current subtraction. If we exclude images con-333

taining Null values and negative values, we can significantly improve the flat-field con-334

sistency.335

Figure 6. Plot of pixel 1357 and its neighbors along all normalized line means of all images

from mission month J17.

3.3 Temporal variations336

Starting with mission month K13, the former straight line of the ratio with mis-337

sion month P01 shows a decrease of the values towards the sides, meaning an increas-338

ing frowning effect (see Figure 5). This trend continues, becomes more robust, and peaks339

around mission month K15. Then, over the mission time, it gets weaker until it fades340

out before mission month N04, where the ratio curve transitions again into a more or341

less straight line. In mission months N11 and N12, we observed extreme high-frequency342

alterations (noise) in the signal with high peaks of pixel 1357 in alternating directions.343

During the rest of Martian Year 36 (”N”) until the current Martian Year 37 (”U”), the344

curve follows the previous trend of a more or less straight horizontal line (±2%).345

The temporal evolution of the distribution of the frown factor, i.e. the amount of346

darkening towards the detector edges, across all images is illustrated in Figure 7. The347

frown factor remains relatively consistent around its mean of 1.55 until the end of 2018,348
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followed by a subsequent rise until early 2020. Throughout this interval, the average frown349

factor for all images rises to approximately 1.6, and throughout 2020, it reverts to the350

value observed before the mentioned change.351

Figure 7. Top: Scatter plot of the frown factor over time. Bottom: mean monthly frown fac-

tor over time.

Let us investigate further the distribution of the frown factor of all images exclud-352

ing the problematic year 2019 (Figure 8). We observe that the mean and median val-353

ues are very close together, and the data is more or less symmetrically distributed around354

their means (see kernel density estimation plot in Figure 8 left). In contrast, if we plot355

the density of the frown factors of all images from 2019, we see a skewed data distribu-356

tion (Figure 8 right). As the frown factor outside the irregular time interval from 2019357

until early 2020 appears very stable, we can safely assume that the edge-darkening ef-358

fect is stable over time. The deviation from its mean during the period in question is not359

representative, as the aforementioned central limit theorem is not fulfilled, which we ob-360

serve in its non-symmetrical distribution. A separate flat-field for the exceptional period361

seems inconsistent with the skewness of the data, and the same flat-field of the stable362

period should also be applied to this data.363

3.4 Single flat-field for the whole mission364

As the frown factor outside the irregular period starting in 2019 and ending in early365

2020 appears very stable, we can replace the monthly flat-fields with a single flat-field.366

Additional detailed investigations of the skewness of different years reveal the most sym-367

metric distributions from 2010 to 2014. We choose a random subset of 10,000 images from368

this period (excluding images containing Null values or negative values) and build a sin-369

gle global flat-field using makeflat. A global flat-field versus multiple separate monthly370

flat-fields has two crucial benefits. First, the number of images for the averaging is very371

high; some single months contain only a few hundred images, leading to unequal signal372

homogenization for that respective month (such as the observed high-frequency alter-373

ations mentioned above). Second, the handling of a single file during processing is much374
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Figure 8. Kernel density plot of the frown factor of all images except the ones from the year

2019 (left) compared with the density plot of the frown factor from the year 2019 (right). Median

(red) and arithmetic mean (blue) as vertical lines.

easier. A single flat-field calibration file can be added with a subsequent version num-375

ber in the CTX calibration directory so that the ctxcal command will then automati-376

cally use this new calibration. Automatically using monthly files would require additional377

programming inside ctxcal or by the calling routines.378

We observe an excellent agreement of the single global flat-field with the initial lab-379

oratory flat-field measurements of the camera (see Figure 9 below, and Figure 5 from Bell380

et al., 2013). The discrepancies mostly fall within the range of ±2%, affirming the gen-381

eral stability of the CTX CCD’s pixel-to-pixel response variations over the nearly twenty-382

year period encompassing the laboratory and in-flight assessments.383

Figure 9. Ratio of single global flat-field and lab calibration

4 Evaluation and Discussion384

One of the main advantages of the improved calibration is better in-image stabil-385

ity for image mosaicking, which leads to homogeneous mosaics. An example of this is386

provided in Figure 10. The seams between adjacent images are strongly visible in the387

left mosaic, processed with the nominal flat-field in ISIS. Using our new flat-field cal-388

ibration file, most seams are no longer visible. They provide a highly improved base dataset389
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for subsequent brightness normalization techniques such as described in Michael et al.390

(2016). For a quantitative evaluation, we randomly chose 10,000 images over the full mis-391

sion timespan and calibrated them with the standard ISIS calibration pipeline, but pro-392

viding our new flat-field file when using ctxcal. The arithmetic mean of the frown fac-393

tor of these corrected images is then 1.00, which proves a very good correction result and394

confirms the frown factor as a good quantification of the edge-darkening effect. Next,395

we randomly reduced the subset to 1000 images and performed a systematic visual in-396

spection for qualitative evaluation. We could not find any signs of a remaining edge-darkening397

effect during the visual investigation. Using the new findings, the absolute amount of398

the residual edge-darkening effects can now be determined. We get an average residual399

frown factor of 1.079 by calculating the arithmetic mean over the individual factors of400

all images from the validation dataset calibrated with the previous flat-field file. This401

means, a surface recflectance measurement taken at the edge of a CTX image appears402

8% darker than in the center, when calibrated with the currently available flat-field file403

(version 0002).404

a) b)

Figure 10. Example CTX mosaic of the Oxia Planum region, ExoMars Rosalind Franklin

Rover landing site. Images were chosen from Martian Year 33. a) A mosaic of single images

calibrated with the nominal ISIS internal flat-field calibration – the edge darkening is strongly

visible. b) The same images mosaicked in the same sorting, calibrated with the new global flat-

field calibration. All images were processed in 16-bit and then stretched to 8-bit using a min/max

stretch. No further radiometric equalization was applied, which would additionally reduce the

seams.

For the image data from 2019 until March 2020, we could expect some remaining405

edge-darkening effects, according to the development of the frown factor over time. We406

have calibrated an additional subset of 200 images from only that period and inspected407

the data visually – no apparent sign of residual edge-darkening effect was observed. Even-408

tually, the effect might just not be visible due to the slightly higher mean frown factor409

of 1.6 versus the overall mean of 1.55. But the skewness of the frown factor in the tem-410

poral subset of the data reveals that the topography and ground properties were not equally411

distributed during that time. This is a strong indication that the mean frown factors in412

that timespan do not represent the true edge-darkening effect. Therefore we do not be-413

lieve that a correction using individual flat-fields from a particular snapshot during that414

time would improve the correction, but instead would introduce surface-induced bright-415
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ness variations as artifacts in the calibration. The single flat-field serves as the best cor-416

rection option for the full mission timespan including the period between 2019 and early417

2020, and we can assume a stable camera behavior over the full mission timeline.418

During the pre-processing stage of image calibration for flat-field building, we have419

a choice between two options, as mentioned in Subsection 2.4. We can create the flat-420

field from bias and dark-current corrected images as received from ctxcal, using a spe-421

cial flat-field file with all values set to one. However, these images could still retain the422

imprint of the analog signal processing chain, leading to alternating signal additions or423

subtractions for every second pixel. The ctxevenodd program is typically used to equal-424

ize this effect after ctxcal. Therefore, as an alternative to prevent the correction of the425

even/odd effect by the flat-field division, ctxevenodd can be applied after ctxcal on each426

image before the flat-field calculation. This approach would eliminate the signal-chain-427

related striping effects before flat-fielding. A test was conducted to calibrate 100 images428

with flat-fields created with or without even/odd correction. When visualized using a429

strong stretch, the images calibrated with the flat-field created with ctxevenodd in the430

pipeline showed apparent even/odd striping effects. After applying the ctxevenodd pro-431

gram as a standard step in the processing pipeline, the striping effect was no longer vis-432

ible. While the processed images generally appear similar, a detailed analysis of the line433

averages for all pixels reveals some differences. Figure 11 clearly shows fewer pixel-to-434

pixel variations when applying the flat-field, which was created without adding the ctx-435

evenodd to the pre-processing pipeline of the images that were used to build the flat-field.436

That means that the flat-field division already corrects the pixel-to-pixel striping effect,437

and the subsequent application of even/odd normalization reduces the variations even438

further. After all, the differences are minimal – the variations are within 2‰ of the data.439

As an additional aspect of the different processing chains the ctxevenodd program uses440

all pixels for the average calculation, including hot and cold pixels. These peaks will im-441

print artificial offsets on all other pixels. For these reasons we decide using the version442

without even/odd correction in the pre-processing stage and publish it with this arti-443

cle.444

Figure 11. Sample-based arithmetic mean values of two classes of 100 images each, calibrated

with two different flat-fields. In one class, the images were used for flat-fielding directly after bias

and dark current correction (red); in the other class, the images were additionally pre-processed

with the ctxevenodd application (blue). After the calibration with their respective flat-field, each

of the 200 images was even/odd equalized by applying ctxevenodd to the individual image.
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5 Conclusion445

The current (version 0002) ISIS-internal flat-field calibration file should be replaced446

by the new file delivered with this publication (version 0003). It provides a highly op-447

timized correction of the detector’s darkening toward its edges and better individual pixel448

correction than the current flat-field file. It will significantly improve all subsequent higher-449

level image products based on the ISIS pipeline. It produces very robust results for all450

images from the entire mission so far. The CTX camera and its calibration-relevant pa-451

rameters behave stable over the entire mission.452

Data Availability Statement453

The new flat-field calibration file (as described in Section 4) together with a list454

of the used images and sample scripts of the pre-processing pipeline and the full set of455

preview images used for validation are available from this data repository: http://dx456

.doi.org/10.17169/refubium-41645 (in preparation). The flat-field file has been pro-457

vided to the ISIS development team in order to publish it as an update to the existing458

version in their default data directory. The level 0 Experiment Data Records of the CTX459

instrument are available from NASA’s PDS Cartography and Imaging Node (https://460

pds-imaging.jpl.nasa.gov/volumes/mro.html, Malin et al., 2007). The ISIS soft-461

ware is available under its software repository at Laura et al. (2023).462
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