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OPEN  Helicopter-borne RGB orthomosaics
patapescripTor  and photogrammetric digital
_elevation models from the MOSAIC
Expedition

Niklas Neckel*™, Niels Fuchs'2, Gerit Birnbaum?, Nils Hutter'3, Arttu Jutila@®%, Lena Buth?,
Luisa von Albedyll®?, Robert Ricker®* & Christian Haas®

. The Multidisciplinary Drifting Observatory for the Study of Arctic Climate (MOSAIC) expedition
. took place between October 2019 and September 2020 giving the rare opportunity to monitor
. sea-ice properties over a full annual cycle. Here we present 24 high-resolution orthomosaics and
14 photogrammetric digital elevation models of the sea-ice surface around the icebreaker RV
Polarstern between March and September 2020. The dataset is based on >34.000 images acquired
by a helicopter-borne optical camera system with survey flights covering areas between 1.8 and
96.5 km? around the vessel. Depending on the flight pattern and altitude of the helicopter, ground
resolutions of the orthomosaics range between 0.03 and 0.5 m. By combining the photogrammetric
products with contemporaneously acquired airborne laser scanner reflectance measurements selected
orthomosaics could be corrected for cloud shadows which facilitates their usage for sea-ice and melt
pond classification algorithms. The presented dataset is a valuable data source for the interdisciplinary
: MOSAIC community building a temporal and spatially resolved baseline to accompany various remote
. sensing and in situ research projects.

Background & Summary
. Between October 2019 and September 2020 the icebreaker RV Polarstern® served as the logistical center of
. the Multidisciplinary drifting Observatory for the Study of Arctic Climate (MOSAiC) expedition. While drifting
. through the central Arctic, the main goal of the MOSAIC expedition was to collect various datasets related to
. the disciplines atmosphere, sea ice, ocean, ecosystem and biogeochemical processes over a full annual cycle”. The
: dataset introduced here is likely of value to the wider MOSAiC community as it provides the spatio-temporal
change of the sea ice (or snow) surface conditions during the drift experiment. In particular, we present high
resolution (sub-meter scale) orthomosaics and photogrammetrically derived Digital Elevation Models (DEMs)
of the ice floes surrounding RV Polarstern on her drift across the Arctic Ocean. These are especially relevant but
. notrestricted to studies on meltpond evolution, melpond drainage and volume, albedo changes, floe size distri-
. bution, and the validation of lower resolved satellite retrievals.

Our dataset is build upon >34.000 RGB camera images acquired on helicopter flights between March and
September 2020 as part of the weekly schedule of the MOSAiC snow and sea ice team. The camera imagery is
accompanied by position data of the helicopter and contemporaneously acquired Airborne Laser Scanner (ALS)
data. The core of our analysis is a Structure from Motion (SfM) approach which uses the principle of motion par-

. allax to reconstruct three-dimensional surfaces of the surveyed area. The derived surface models are then tex-
. tured with brightness-adjusted camera imagery to generate seamless orthomosaics for each survey. Today this
. technique is widely used in various disciplines of environmental science, engineering, and archaeology to obtain
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Fig. 1 Overview of helicopter setup and RGB camera surveys conducted during the MOSAiC expedition.
Panel a shows the helicopter’s bottom face including the position of the 14 mm Wide Angle Lens (WAL) used

in this study (picture provided by Christian Royal). The instrumentation in the cargo compartment of the
helicopter is shown in panel b and includes among others the employed INS/GNSS unit and the Airborne
Laserscanner (ALS). Note that the IR Variocam was only flown until the end ofleg 3 (picture provided by Stefan
Hendricks). Panel ¢ shows the drift/cruise of RV Polarstern during the MOSAiC campaign (PS122) with the
locations of the helicopter flights indicated in orange. Surface elevations are from the ALOS World 3D - 30m
(AW3D30) dataset**® overlayed with sea-ice concentration on 2020-05-31%.

high-resolution three-dimensional mapping results at reasonable costs®~”. SfM was also applied to imagery from
airborne sea-ice surveys acquired by helicopters or drones®®. When compared to land surveys sea ice moves
considerably within the survey’s time window requiring an initial drift correction of the image locations before
applying SfM. For this, we employed the position information of RV Polarstern at the time of image acquisition.
However, a lack of Ground Control Points (GCPs) on the moving ice floes introduces certain tilts and biases in
the derived data products. We, therefore, rely on additional gridded ALS surface elevation data that we employed
as pseudo ground control data to align the photogrammetric models. Next to the ALS surface models we also
used gridded laser reflectance values, which are of great value to correct the derived orthomosaics for the effects
of cloud shadows.

This study is organized in the following way. At first we give a brief overview of the data acquisition setup
and the locations and times of the helicopter surveys. Then the conversion and brightness adjustment of the
RAW camera images is described, followed by a detailed description of the SfM workflow. Next, we describe the
combination of the derived camera products and the ALS data and show the benefits of simultaneous data acqui-
sition of both instruments. Finally, we evaluate the impact of the applied drift correction and compare the results
with contemporaneously acquired satellite data (i.e. <7h time difference to the respective helicopter survey) and
independent airborne surface temperature measurements.

Methods

Data acquisition setup. In this study, we employed RGB camera imagery acquired by a CANON EOS-1D
Mark III Digital Single Lens Reflex camera, which incorporates a Complementary Metal Oxide Semiconductor
image sensor providing three channels for RGB acquisitions capturing a wavelength range between 400 nm
and 700 nm (AWI SENSOR ID: 4430, RGBCAM_WAL_HELI). The camera was deployed with a CANON
14mm {/2.8 L II Ultra Sonic Motor lens and mounted as nadir looking imaging system aboard a Eurocopter BK
117 C-1 (Fig. la). All camera data were recorded in uncompressed and unprocessed RAW data format. Data
obtained at microseconds precision with an Applanix AP60 AV combined Inertial Navigation System (INS) and
Global Navigation Satellite System (GNSS) were used to provide geographical position and image orientation
for the aerial imagery. The GNSS/INS system was installed in combination with a Riegl VQ580 Airborne Laser
Scanner (ALS) in the cargo compartment of the helicopter (Fig. 1b). In order to obtain synchronized time infor-
mation a handheld GARMIN GPS 60Csx was connected to the camera and its UTC time tag with seconds pre-
cision was directly written into the EXIF metadata of the camera imagery. During the survey flights images were
taken at a frequency of 0.25 Hz at an average flight speed of ~150km/h (Table 1).

SCIENTIFIC DATA | (2023) 10:426 | https://doi.org/10.1038/s41597-023-02318-5 2


https://doi.org/10.1038/s41597-023-02318-5

www.nature.com/scientificdata/

Date #Flight | DSHIP' ID Altitude (m) | t,,,, Ceonter totop At Distance (km) | Flight pattern
2020-03-18 |1 PS122/3_32-42 319.0 10:48:00 | 10:52:20 | 10:56:36 | 0:08:36 | 23.4 CO floe grid
2020-03-21 1 PS122/3_32-70 3294 08:10:52 | 09:09:16 | 10:37:28 | 2:26:36 | 344.3 CO floe grid
2020-03-23 |1 PS122/3_33-17 297.7 10:40:46 | 11:28:52 12:17:00 | 1:36:14 | 262.0 Transect
2020-04-23 |1 PS122/3_37-63 331.0 07:44:18 | 08:38:06 | 09:32:02 | 1:47:44 |287.9 CO floe grid
2020-04-23 |2 PS122/3_37-66 328.6 10:05:10 | 10:46:54 | 11:27:10 | 1:22:00 | 220.7 L-site triangle
2020-05-10 |1 PS122/3_39-109 329.1 13:57:28 | 14:53:18 15:43:58 | 1:46:30 | 284.8 CO floe grid
2020-06-16 |1 PS122/4_44-78 193.1 09:22:06 | 10:04:42 10:47:14 | 1:25:08 | 205.0 CO floe grid
2020-06-30 |1 PS122/4_45-36 341.9 07:39:30 | 08:23:42 | 09:08:38 | 1:29:08 | 223.5 CO floe grid
2020-06-30 |2 PS122/4_45-37 339.6 09:33:37 | 10:16:29 | 11:01:37 | 1:28:00 | 221.2 L-site triangle
2020-07-04 |1 PS122/4_45-112 104.7 08:47:45 | 09:44:09 | 10:32:05 | 1:44:20 | 112.1 CO floe grid
2020-07-07 |1 PS122/4_46-36 101.2 08:57:49 | 09:57:29 | 10:57:05 | 1:59:16 | 109.7 CO floe grid
2020-07-07 |3 PS122/4_46-39 153.0 12:28:01 13:27:29 | 14:28:57 | 2:00:56 | 219.2 L-site triangle
2020-07-11 |1 PS122/4_46-97 173.1 11:20:31 11:44:38 12:08:42 | 0:48:11 | 94.5 Transect
2020-07-17 |1 PS122/4_47-96 105.7 15:22:49 | 16:14:13 17:08:37 | 1:45:48 | 58.8 CO floe grid
2020-07-22 |1 PS122/4_48-69 336.7 15:15:10 | 16:21:06 | 17:28:14 | 2:13:04 | 301.2 CO floe grid
2020-08-06 |1 PS122/4_50-32 264.9 08:53:18 | 09:48:50 | 10:44:14 | 1:50:56 | 238.6 Transect
2020-08-07 |1 PS122/4_50-45 253.9 08:35:01 | 09:26:25 10:17:53 | 1:42:52 | 224.6 Transect
2020-08-18 |2 PS122/5_59-139 321.9 15:33:09 | 15:57:16 | 16:21:24 | 0:48:15 | 106.1 Transect
2020-09-07 |1 PS122/5_61-62 78.7 04:21:33 | 05:19:29 | 06:17:13 | 1:55:40 | 85.3 CO floe grid
2020-09-08 |2 PS122/5_61-63 311.1 12:23:01 13:07:17 | 13:51:37 | 1:28:36 | 188.8 Butterfly
2020-09-11 1 PS122/5_61-190 77.4 05:32:48 | 06:37:24 | 07:41:56 | 2:09:08 | 88.1 CO floe grid
2020-09-15 |1 PS122/5_62-67 82.5 04:44:07 | 05:31:19 | 06:20:24 | 1:36:17 | 71.9 CO floe grid
2020-09-19 |1 PS122/5_62-166 300.9 10:03:30 | 11:05:34 | 12:02:34 | 1:59:04 | 293.8 CO floe grid
2020-09-21 1 PS122/5_63-3 233.3 07:45:51 | 08:41:51 | 09:37:47 | 1:51:56 | 240.0 Butterfly

Table 1. List of evaluated helicopter surveys conducted during legs 3-5 of the MOSAIC expedition. Next to
the date, flight number and DSHIP" (AWT’s Data Acquisition and Management System for technical, nautical,
and scientific data) ID, we list the average flight altitude, the acquisition times of the first (t,,,,), central (¢,
and last image (%), the duration of the image recording period (Af), the flight distance covered and the flight
pattern of the survey flight. The latter is sorted into Central Observatory (CO) grid flights, Transect flights,
L-site triangle flights, and Butterfly flights. All images were drift corrected to time t,,,,, of the respective flight.
All time values are given in Coordinated Universal Time (UTC) format indicated as HH:MM:SS.

Data overview. Between October 2019 and September 2020 the MOSAiC expedition was conducted within
5 legs with RV Polarstern moored to three different ice floes called Central Observatories (CO)% During all legs,
helicopter surveys were flown in the wider vicinity of RV Polarstern to monitor the temporal evolution of the
snow and sea-ice conditions during the drift. Using the data acquisition setup described above four different
flight patterns were conducted: (1) floe grid flights covering the CO and its neighboring ice floes (2) L-site trian-
gle flights connecting a 3 buoy pattern (3) butterfly surveys connecting a 4 buoy pattern with RV Polarstern in
the center and (4) transect flights for various scientific and logistical reasons. To obtain robust results from the
SfM pipeline certain image requirements must be fulfilled. These include (1) solar illumination (2) no low clouds
or fog and (3) sufficient image overlap. We therefore only employed data acquired during legs 3-5 (March to
September 2020, Fig. 1c). Furthermore, we focused on data acquired within grid flights or at high-altitude line
flights. For the latter, it turns out that the standard configuration described above requires an altitude of >300m
to obtain appropriate image overlap along-track. Line flights conducted at lower altitudes only have results in
areas of overlapping flight tracks. This also becomes evident when looking at Fig. 2 where we simulated the image
overlap on the sea-ice surface using extrinsic and intrinsic camera information from the MOSAiC camera setup
and different flight altitudes of 100 m, 200 m, and 300 m. All survey flights evaluated in this study are listed in
Table 1 with their geographic position indicated in Fig. 1c.

Production of RGB orthomosaics and photogrammetric DEMs.  In this section we describe the pho-
togrammetric production of orthomosaics and DEMs from the RGB camera data acquired during the survey
flights listed in Table 1. Figure 3 summarizes the methods applied and the single processing steps are addressed
in more detail below.

Image conversion, vignetting and initial brightness correction. In the first step RAW images were converted
to Tagged Image File Format (TIFF) employing the dcraw tool'* with different brightness corrections for each
flight. In order to achieve a continuous image brightness within each flight all images were adjusted with respect
to the applied camera settings if these were changed during the survey (Fig. 3a). Brightness-relevant camera
settings are Aperture (F-number), Shutter Speed and ISO value. These three variables are included in exiftool’s"
Light Value (LV) which is defined by
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Fig. 2 Relation between flight altitude and image overlap. Image footprints for simulated flight altitudes of
100 m, 200 m, and 300 m are shown employing extrinsic and intrinsic camera information from the MOSAiC
camera setup.

LV =2 x log, (Aperture) — log, (ShutterSpeed) — logz[@].

100 (1)

When exposure settings varied during one flight, we calculated a brightness correction factor for each image.
The lowest LV of the associated flight (i.e. the brightest image of the flight) was successively subtracted from the
single LV’s of the flight. The resulting brightness correction factors were then applied during the RAW to TIFF
conversion of the images. An example is shown in Fig. 4 where different brightness settings were applied during
a survey flight. Figure 4a shows the final orthomosaic without the proposed brightness correction while Fig. 4b
shows the results after applying the brightness correction scheme described above. Here it should be noted
that for the majority of the flights all brightness settings were kept constant. Varying brightness settings were
only observed for survey flights 20200321_01_PS122-3_32-70, 20200423_02_PS122/3_37-66, 20200510_01_
PS122/3_39-109 and 2020/07/04_01_PS122/4_45-112.

In the next step vignetting correction was applied to the TIFF images employing estimates from laboratory
measurements at the outlet of an Ulbricht sphere following the calibration performed by Ehrlich et al.'2. All
TIFF images were converted into a lossless JPG file format being the best compromise between file size and
quality’. In-flight GNSS (latitude, longitude, altitude) and INS (roll, pitch, yaw) measurements matching the
second of image acquisition were assigned to each image. In order to use a unified classification independent
of the image brightness, a second set of JPG images was created for each survey flight whose brightness was
adjusted with an empirical line method. For this purpose, a graphical user interface has been implemented in
which the operator is able to manually select flight-specific dark (open water) and bright areas (snow surfaces
or bright areas in ridges after snow melt) from one representative image (Fig. 5). After selecting these minimum
and maximum values all images of the flight were linearly stretched so that dark areas correspond to a reflectivity
of 0.1 and light areas to 0.9, resulting in a set of brightness adjusted images of each survey flight (Fig. 3a). Both
values were chosen as a compromise between making full use of the available data range and avoiding over- and
undersaturation of pixels. This type of correction was chosen to improve the performance of subsequent image
classifications. The chosen values thus do not reflect real reflectivities and therefore were not verified in more
detail. Most of the conversion and pre-processing steps are part of a full classification suite specifically designed
for helicopter aerial imagery'*.

Initial drift correction. Compared to airborne surveys over static land areas sea-ice surveys can be influenced
by the effects of sea-ice motion between data acquisitions. In the Arctic Ocean, sea-ice velocity peaks above
1 ms™! with short-term variability primarily driven by the prevailing wind conditions'>-!”. During MOSAiC
an average sea-ice velocity of 0.098 ms™! (or 8.52km d ') has been reported by Krumpen et al.!® resulting in an
average sea-ice displacement of ~700 m during a 2-hour helicopter flight. Therefore it is essential to correct the
image locations for the effect of sea-ice motion prior to the SM pipeline. Following a similar approach as Hyun
et al.® we employed the position of RV Polarstern at the time of image acquisition (Fig. 3b). For this, we used
1-minute RV Polarstern GNSS logs, available via the DSHIP database!?, linearly interpolated to 1 Hz resolution.
As a reference location, we used the geographic position of an image acquired at the approximate center time
of the respective survey flight (Table 1). We then calculated the difference in meters between the position of RV
Polarstern at the reference time and at the acquisition time of each image. Finally, these differences were used to
roughly correct the image locations for the effects of sea-ice drift. Additionally, we corrected the INS-measured
yaw of the helicopter by the angle difference of the GNSS-derived bearing before and after the drift correction.
These drift-corrected parameters are employed in the SfM pipeline described in the next section in which the
exact recording positions were finally reconstructed. A more precise initial drift correction was therefore not
necessary. One of two exceptions from the initial drift correction is exploratory flight 20200616_01_PS122-
4_44-78 where RV Polarstern was not moored to the CO ice floe but was still on its way back from Svalbard
where the leg 3 to leg 4 crew exchange took place. To correct this specific flight for the effects of sea-ice drift we
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Fig. 3 Flowchart in the production of RGB orthomosaics from helicopter-borne camera surveys conducted
during the MOSAIC expedition.

used 1 Hz GNSS logs from a meteorological surface flux sled® which remained at the MOSAIC site during RV
Polarstern’s excursion to Svalbard. The second exception is survey flight 20200921_01_PS122-5_63-3 where a
highly non-linear drift pattern was observed in the second half of the survey. Therefore, no drift correction was
applied to this specific survey as it would deteriorate the derived data products. Both exceptions are highlighted
in Table 2.

Structure from motion pipeline. ~For calculating three-dimensional (3D) surface models of the ice floes sur-
rounding RV Polarstern we employed an SfM pipeline on the drift-corrected images. A prerequisite of SfM to
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Fig. 4 Orthomosaic of survey flight 20200321_01_PS122-3_32-70. Panel a shows the results of the original
imagery with varying brightness settings during the flight, while panel b shows the same data after applying
the brightness correction scheme described in the text.

work is that each 3D feature is illuminated at least from two different viewpoints. Therefore a large image overlap
is needed to obtain optimal results. Here we employed the SfM pipeline implemented in the Agisoft Metashape
software?!. To guarantee consistency of the single processing steps for each flight we employed Agisoft’s python
programming interface instead of manual work within the graphical user interface of the software. This way
we implemented a processing scheme that aligns the images of each survey flight in the first step, guided by the
drift-corrected metadata and a pre-calibrated camera model (Fig. 3¢). The latter is originating from a helicop-
ter survey with the same camera setup as flown during the MOSAiC campaign but conducted on 2019-08-14
over land (i.e., fixed terrain) in northern Germany. However, due to different environmental conditions such
as temperature and humidity this camera model only serves as an initial guess and is individually adapted for
each flight during the initial image alignment. For the initial image alignment, we used the original images
without any brightness corrections as recommended by Agisoft?! resulting in a sparse cloud of tie points. Initial
intrinsic and extrinsic camera parameters and triangulated tie point coordinates were refined in the following
camera optimization step employing a bundle adjustment procedure. Here the term ‘bundle adjustment’ refers
to the optimization of light rays leaving each 3D feature with respect to both feature and camera positions®. In
order to suppress noise in the point cloud, tie points with a high triangulation uncertainty were removed using
Agisoft’s reconstruction uncertainty filter followed by a final camera optimization step. Following the stand-
ardized Agisoft workflow depth maps and a dense point cloud were built in the next step. At this step, the user
is able to let Agisoft calculate confidence values for each point in the dense point cloud which can be used later
to remove erroneous measurements. This confidence value is defined as the number of contributing combined
depth maps per point?!. We, therefore, decided not to use it for filtering as this would remove large parts of the
final orthomosaics in regions with minimal image overlap. We instead provide a confidence grid that can be
employed by the user to identify low confidence grid points in the final data products (Figs. 3d and 8d,h,1).

Filtering of dense point cloud. ~ After exporting the dense point cloud and the associated confidence values from
Agisoft Metashape we employed the open3D library for spatial filtering®. In the first step, we used the imple-
mented RANSAC algorithm to fit the best plane through the dense point cloud (Fig. 3d). All points with an
offset in altitude of >50 m from the plane were removed from the point cloud. This threshold seems reasonable
as we presume RV Polarstern is the highest resolvable obstacle in the wider region having a keel to maximum
chimney height of 51.45m and a draft of 11.21 m?*. The remaining point cloud was further filtered by a statistical
outlier removal which removes points that are further away from their neighbors when compared to the average
of the point cloud?. The filtered point cloud was then gridded to 0.5 m resolution resulting in a DEM of the ice
floes and an associated confidence map (Fig. 3d).

Gridding and projection of orthomosaics. 'To produce the final orthomosaic datasets the filtered dense point
cloud was re-imported into Agisoft Metashape. Based on this a temporary DEM was built internally including an
interpolation step of small data gaps (Fig. 3e). This step is necessary to avoid no data voids (i.e. over open water)
in the final orthomosaics. All images were projected on the void-filled DEM and seamless orthomosaics were
generated. Here it should be noted, that the final data product includes the DEM with data voids (e.g. Figure 6b).

Next to the orthomosaics of the original images we also created orthomosaics for the brightness adjusted
datasets (Fig. 3e). The final brightness corrected orthomosaics were gridded to a ground resolution of 0.5 m. For
grid flights covering the position of RV Polarstern, we also extracted the region of the CO ice floe at full spatial
resolution. The latter largely depends on the respective flight altitude of the helicopter and varies between 0.03
and 0.5m. All datasets were projected to a polar stereographic reference system centered at 45° W (EPSG:3413)
and vertically referenced to the DTU21 Mean Sea Surface grid provided by DTU Space?®. Finally, it should be
noted that due to the minimal image overlap in the along-track direction and no side overlap within the L-site
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Fig. 5 Graphical user interface to select ‘Open water’ areas and ‘Snow/ice’ covered areas. All images of the
respective flights were linearly stretched between the selected minimum and maximum values respectively.

Date #Flight | DSHIP ID RMSE,, 43 (m) | RMSE,,; (m) | DEM quality | Orthomosaic quality | Full res. (m) | STD ;g (m)
2020-03-18 1 PS122/3_32-42 16.4 15.1 Poor Good 0.16 0.52
2020-03-21 1 PS122/3_32-70 | 473.9 461.2 Moderate Good 0.16 0.81
2020-03-23 1 PS122/3_33-17 | 461.2 87.8 — Good 0.5 —
2020-04-23 1 PS122/3_37-63 105.8 54.8 Good Good 0.15 0.11
2020-04-23 2 PS122/3_37-66 | 56.1 37.6 — Good 0.5 —
2020-05-10 1 PS122/3_39-109 | 380.2 43.6 Good Good 0.15 0.15
2020-06-16* 1 PS122/4_44-78 | 349.9 39.2 Poor Moderate 0.5 1.59
2020-06-30 1 PS122/4_45-36 | 74.6 41.1 Good Good 0.16 0.24
2020-06-30 2 PS122/4_45-37 | 63.4 31.5 — Good 0.5 —
2020-07-04 1 PS122/4_45-112 | 197.3 14.7 Moderate Good 0.03 1.2
2020-07-07 1 PS122/4_46-39 | 364.9 253 Moderate Good 0.03 0.46
2020-07-07 3 PS122/4_46-39 | 550.9 47.8 — Moderate 0.5 —
2020-07-11 1 PS122/4_46-97 | 179.9 21.6 — Moderate 0.5 —
2020-07-17 1 PS122/4_47-96 198.4 26.6 Good Good 0.4 0.71
2020-07-22 1 PS122/4_48-69 | 294.0 58.3 Moderate Good 0.16 0.79
2020-08-06 1 PS122/4_50-32 152.1 89.7 — Good 0.5 —
2020-08-07 1 PS122/4_50-45 |91.3 12.9 — Good 0.5 —
2020-08-18 2 PS122/5_59-139 | 39.5 15.1 — Good 0.5 -
2020-09-07 1 PS122/5_61-62 | 2255 18.3 Moderate Moderate 0.03 1.12
2020-09-08 2 PS122/5_61-63 163.7 30.2 — Moderate 0.5 —
2020-09-11 1 PS122/5_61-190 |135.6 10.9 Good Good 0.03 0.73
2020-09-15 1 PS122/5_62-67 156.2 25.5 Moderate Good 0.03 0.79
2020-09-19 1 PS122/5_62-166 | 237.9 40.6 Poor Good 0.15 0.56
2020-09-21%*% |1 PS122/5_63-3 30.8 30.8 — Moderate 0.5 —

Table 2. Overview of the resulting orthomosaics and DEMs. Next to the date, flight number and DSHIP' ID,
we list the RMSE before (RMSE,,, ;) and after the drift correction (RMSE,,;5), the quality flags Poor, Moderate
and Good for both the DEMs and the orthomosaics and the full resolution of the latter. Note that all DEMs

and transect orthomosaics are gridded to a final resolution of 0.5 m while for the central part of the CO floe
grid survey orthomosaics are available at full resolution. STD, is the standard deviation of photogrammetric
DEM - ALS DEM. *GNSS logs from meteorological surface flux sled® applied for drift correction. **No drift
correction applied.

SCIENTIFIC DATA | (2023) 10:426 | https://doi.org/10.1038/s41597-023-02318-5 7


https://doi.org/10.1038/s41597-023-02318-5

www.nature.com/scientificdata/

£
<
S
3
g
8
w

Fig. 6 Combination of photogrammetric and ALS datasets of survey flight 20200630_01_PS122-4_45-36. ALS
surface elevation measurements (a) and spatially adjusted photogrammetric elevation estimates (b) are shown
next to the original orthomosaic (c), Ah = original photogrammetric DEM - ALS DEM (d), Ah=adjusted
photogrammetric DEM - ALS DEM (e) and the orthomosaic corrected for cloud shadows employing ALS
reflectance measurements (f). The leg 4 Central Observatory (CO) ice floe is framed by the black line.

Figure 7 Orthorectified images of survey flight 20200717_01_PS122-4_47-96 with data acquired at 15:43:09
(a) and 15:48:41 (b) are shown next to the resulting orthomosaic (c). Here it becomes evident that the smaller
ice floes on the left side of the images are drifting at another speed than the larger ice floe on the right side of the
images. This discrepancy can not be compensated by the applied image blending (c) and remains an issue for
orthomosaic data of smaller ice floes.

triangle flights, butterfly surveys, and transect flights only coarse surface reconstructions were possible for these
surveys. Therefore, we only provide DEM products for the CO grid flights.

Combination of camera and ALS data. During all camera surveys a Riegl VQ580 ALS was routinely
employed to map the topography of the ice floes surrounding the wider area of RV Polarstern (Fig. 1a,b). In order
to compare and adjust the photogrammetric DEMs obtained in this study we used contemporaneous acquired ALS
surface height and reflectance measurements. Here we used gridded data products available at a spatial resolution of
0.5m*. An example of the ALS surface height product of CO floe grid flight 20200630_01_PS122-4_45-36 is shown
in Fig. 6a. While ALS data from grid surveys were corrected for the effects of sea-ice drift employing a similar
strategy as applied in this study, no such drift correction was applied to ALS data from transect and triangle flights.

SCIENTIFIC DATA | (2023) 10:426 | https://doi.org/10.1038/s41597-023-02318-5 8


https://doi.org/10.1038/s41597-023-02318-5

www.nature.com/scientificdata/

._.
o o

—— Photogrammetric DEM l—
A~ 1200

o
3
s
1007
[}
4
oll— 0° backscatter
-20

800 1000 0 100 200 300 400 500
Distance (m)

Elevation (m) [ S

10 —— Photogrammetric DEM L
0 @
WWWWF 2002
g
1002
2 g
2
— surf by
- MW 18
250 50
3

0 250 500 750 1000 1250 1500 1750
Distance (m)

Elevation (m)

0° (dB)

Temperature (K)

0 200 400 600
Distance (m)

No. of depthmaps
No. of depthmaps
No. of depthmaps

Figure 8 Comparison of example orthomosaics to independent reference data. Orthomosaic data of survey
flight 20200423_01_PS122-3_37-66 (a) is compared to a map of contemporaneous acquired sea-ice surface
temperature data®! (b). The profile indicated by the yellow line is shown in (c) including photogrammetric
DEM, orthomosaic, and surface temperature data®'. The corresponding confidence map is shown in (d)
Orthomosaic data of survey flight 20200630_01_PS122-4_45-36 (e) is compared to a Sentinel-2 scene acquired
06:04:07 (HH:MM.:SS) after the center time of the respective helicopter survey (f). Profile in (g) shows the same
data types as in ¢ but with Sentinel-2 reflections instead of surface temperature estimates. The corresponding
confidence map is shown in (h) Orthomosaic data of survey flight 20200704_01_PS122-4_45-112 (i) is
compared to a TerraSAR-X scene acquired 05:08:19 (HH:MM:SS) after the center time of the respective
helicopter survey (j). Profile in (k) includes photogrammetric DEM, orthomosaic and TerraSAR-X backscatter
(0°) data. The corresponding confidence map is shown in (1) Location of RV Polarstern is highlighted for all

dates at a scale of 1:5000.

In order to co-register the derived photogrammetric DEMs to the respective ALS surface elevation meas-
urements we employed the pc_align utility provided within NASA’s Ames Stereo Pipeline?’. Here we used an
alignment procedure that searches two input datasets for matching features. For this, hillshaded versions of
the input DEMs were produced by creating a hypothetical illumination of the DEMs. Among these hillshaded
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DEMs point matches were calculated using an iterative closest point algorithm resulting in a 4 x 4 matrix includ-
ing information on the translation, rotation, and scaling between both datasets?”?. Finally, this information
was applied to the photogrammetric DEMs to match the ALS grids. In the last step, we subtracted a smoothed
version of the ALS DEMs to remove large-scale vertical biases from the aligned photogrammetric DEMs. For
smoothing the ALS DEMs we tested several kernel sizes and found the average within a 250 m x 250 m moving
window appropriate for our needs. Figure 6d shows the differences between the original photogrammetric DEM
and the ALS DEM acquired during survey flight 20200630_01_PS122-4_45-36 (Fig. 6a). Here biases in both,
horizontal and vertical directions become evident between both datasets. Figure 6e shows the same differences
but after the horizontal alignment and vertical bias removal described above. An example of the final photo-
grammetric DEM is shown in Fig. 6b. Next to the photogrammetric DEMs we shifted the corresponding ortho-
mosaics employing the derived matrices from the feature-based alignment procedure resulting in a co-registered
stack of RGB orthomosaic data and ALS surface elevation and reflectance measurements. This data stack is a
prerequisite to compensate for cloud shadows in the orthomosaic data as described in the next paragraph.

Some of the derived orthomosaics are clearly disturbed by shadows originating from clouds situated above
the helicopter during data acquisition (e.g., Fig. 6¢). Different to passive image capture, active ALS measure-
ments are not influenced by high-level clouds®. We, therefore, hypothesize that orthomosaic intensity values of
shaded areas are relatively low when compared to any cloud-free neighboring areasand R, G, B < ALS,,; should
hold true in shaded areas. Here ALS,,; corresponds to gridded and normalized ALS reflectance values and R, G,
B corresponds to the single bands of the aligned orthomosaics. Under this assumption we calculated a scaling
factor (sf) for each pixel and band (R, G, B) by

ALS, g
sf=
R, G, B ()

resulting in sf> 1 for shaded areas and sf< 1 in areas not influenced by cloud shadows. Here it should be noted
that both ALS,eﬂ and R, G, B were filtered by a Gaussian smoothing operator with a 250 m kernel size beforehand
in order to suppress noise and to extrapolate the narrower swath width of the ALS dataset. For areas not influ-
enced by cloud shadows, i.e., where sf < 1 we included a threshold at sf=0.65 to keep the unaffected intensity
values at a reliable level. By multiplying the single bands of the original orthomosaics with their individual sf
maps we obtained a clear improvement in areas influenced by cloud shadows (Fig. 6f).

Data Records

The orthomosaic and DEM data derived in this study are available at https://doi.org/10.1594/
PANGAEA.949433%. CO grid flights are available as single grids while transect and triangle flights were seg-
mented into 2km x 2km data tiles to provide the user with manageable file sizes. Next to the orthomosaic
and DEM data we provide confidence maps of the respective survey flights. All data are stored in GeoTIFF file
format and gridded to 0.5 m spatial resolution. For the CO grid flights, we also provide orthomosaic data at full
spatial resolution within a 3km square centered on RV Polarstern. The naming convention of the final data prod-
ucts is: Date, #Flight, DSHIP ID followed by DEM, confidence or orthomosaic and hr for high resolution (0.5m)
or fr for full resolution (Table 2). As we provide brightness-corrected orthomosaics these are termed 2 for level 2
products and if the data were corrected for the effect of cloud shadows we added a I2b product. All final datasets
are stored in one zip archive per survey flight.

Technical Validation

By applying the processing scheme described above we generated 24 orthomosaics covering legs 3 to 5 of the
MOSAIC expedition (Fig. 1¢). It is important to note that the accuracy of each orthomosacic is a function of the
underlying images, including image overlap (itself a function of the flight pattern), illumination, camera set-
tings, as well as prevailing sea-ice concentration. Next to the derived confidence maps we, therefore, introduce
the qualitative flags poor, moderate and good which are based on visual inspections of the datasets to provide
the user with an additional reliability measure of the derived DEM and orthomosaic products (Table 2). For the
DEMs, these qualitative flags are built on (1) number of contributing depthmaps, (2) DEM detail, and (3) obvi-
ous data jumps while the orthomosaics were investigated for obvious interpolation artifacts (e.g. Fig. 7) and data
jumps. We further investigated the impact of the applied drift correction by comparing the Root-Mean-Square
Errors (RMSE) of the drift-corrected camera positions to the original camera positions. For this we calculated
the total RMSE (Table 2, RMSE,, ;) between the initial camera positions and the estimated camera positions
from the bundle adjustment of the SfM pipeline by

RMSE — \/Z?:l(xiref - Xiest)z + (Yiref - Yiest)2 + (Ziref - Ziest)z
n ©)

where X5 Y;,rand Z care the X, Y and Z coordinates of the camera as measured by GNSS and X, Y, and
Zi, are the X, Y and Z coordinates of the camera as estimated from the bundle adjustment. We also calculated
the RMSE between the drift-corrected camera positions and the camera positions from the respective bundle
adjustment (Table 2, RMSE,,;;). Both RMSE values are shown in Table 2 and summarize the impact of the
applied drift correction. By applying an initial drift correction to the images the RMSE decreased between 3 to
92% for all flights (except survey flight 20200921_01_PS122-5_63-3). The remaining error can be attributed to a
combination of differential sea-ice motion in the survey area, time shifts between image acquisitions and GNSS
logs and inaccurate INS measurements. As evident from Table 2 the lowest RMSE improvement is found for
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survey flight 20200321_01_PS122-3_32-70. As it is also the longest flight investigated in this study (Table 1) we
attribute this to differential sea-ice motion in the survey area during data acquisition.

Interpolation errors in the orthomosaic data also occur when smaller ice floes (meter scale size) drift at
different speeds than nearby larger ice floes. An example is shown in Fig. 7. Here we show two orthorectified
images acquired during survey flight 20200717_01_PS122-4_47-96 (Fig. 7a,b) and the resulting orthomosaic
(Fig. 7¢c). Consistency exists in the right part of the images where a larger ice floe is drifting at a constant speed
in between data acquisitions. However, in the left part of the images smaller ice floes are drifting at a different
speed and in different directions (Fig. 7a,b) resulting in artefacts in the final orthomosaic data (Fig. 7c). As these
interpolation errors are restricted to the occurrence of smaller ice floes within lower sea-ice concentration, these
issues are only observed for leg 4 data acquired between June and August 2020 (Table 1).

We further compare some orthomosaic data to temporally close reference observations if available. In par-
ticular, we rely on Sentinel-2 and TerraSAR-X satellite data and a helicopter-borne sea-ice surface temperature
map acquired by an infrared camera during survey flight 20200423_01_PS122-3_37-66 (Fig. 8). The latter is
based on thermal infrared brightness temperatures converted into a map of surface temperatures at 1 m spatial
resolution®'. Sentinel-2 data were downloaded via the Google Earth Engine and are available at 10 m spatial
resolution®. For comparison we used an RGB composite of band-4, band-3 and band-2 of the Sentinel-2A
satellite with data acquired on 2020-06-30 (Fig. 8d). The Sentinel-2A scene was acquired 06:04:07 (HH:MM:SS)
after t,,,, of helicopter survey 20200630_01_PS122-4_45-36. On 2020-07-04 a TerraSAR-X scene was acquired
in stripmap mode over the leg 4 ice floe. We employed the Multi Look Ground Range Detected data product
provided by the German aerospace centre (DLR). The TerraSAR-X scene was reprocessed to a geocoded o°
backscatter map at 3.5 m spatial resolution employing the GAMMA remote sensing software® (Fig. 8f) and was
acquired 05:08:19 (HH:MM:SS) after t,,,,, of helicopter survey 20200704_01_PS122-4_45-112. When compar-
ing the orthomosaic data to these reference datasets it should be noted, that we did not apply any additional
scaling to the orthomosaic data to match the reference datasets but just used a simple translation and rotation
to compensate for the sea-ice drift in between data acquisitions. When investigating the profiles in Fig. 8c,g,h
all orthomosaics agree within the pixel spacing of the coarser reference datasets. Furthermore we measured
the length of RV Polarstern in the final orthomosaics and find values of 118 & 1 m which matches the technical
specification of the vessel?*. When concerning the dynamic sea-ice environment surrounding the static vessel,
this length scale is considered a rather simple but robust measure of confidence.

As the derived DEMs of the CO grid surveys were horizontally and vertically adjusted to the ALS surface ele-
vation maps these cannot be used to validate the photogrammetric DEMs. However, some conclusions can still
be drawn from the standard deviation of Ah = photogrammetricDEM-ALSDEM (STD ;) as shown in Table 2.
(1) alow STD, ¢ indicates a good horizontal and vertical alignment of both datasets. (2) A high STD ;s indicates
outliers in one of the datasets which can be attributed to processing artifacts or to the different methods used for
data acquisition. When investigating Fig. 6a,b largest differences are evident in the areas of melt ponds. As the
employed Riegl VQ580 ALS is operating in the near-infrared spectrum, most of the laser signal is absorbed by
water resulting in a weak backscatter compared to the surrounding sea-ice surface. This backscatter originates
mostly from the water surface due to the minimal penetration depth of the near-infrared laser beams*. In the
visible spectrum of the camera, more light is transmitted through the water until it reaches the floor of the melt
pond. Neglecting the refraction of water for a moment, the photogrammetric DEM, therefore, represents the
melt pond bathymetry while the ALS DEM represents the surface of the ponds resulting in the pronounced
elevation differences mentioned above.

Usage Notes

The derived orthomosaics, DEMs and confidence maps are available in GeoTIFF format and can readily be
imported into any Geographical Information System such as ArcGIS or QGIS for visualisation. We used a stand-
ardized polar stereographic coordinate system provided by the National Snow and Ice Data Center (NSIDC),
available at EPSG code 3413. The derived orthomosaic data may be useful for scientists working on in situ snow
and albedo measurements to extrapolate their findings to the wider area of the respective CO ice floe. Full
resolution orthomosaics might also become handy for identifying Remotely Operated Vehicle (ROV) surveys
from underneath the sea ice using identifiable features on the surface. As already shown in Fig. 8 the derived
orthomosaic data can also be compared to temporally close satellite observations in order to validate surface
classification results of the latter. For this, the orthomosaic data can be classified into different surface types
employing publicly available classification schemes'***. High resolution classification results can give important
insights into the spatial distribution and geometric properties of melt ponds during the drift of RV Polarstern.
Here it should be noted that in the case of cloud cover shaded areas might be falsely classified as melt ponds.
Therefore, we suggest to use the shadow-corrected level 2b product for any classification purposes. In addition,
to melt pond retrievals, classification results of larger survey flights can also be used to map lead fractions and
floe size distribution. Furthermore, differences in melt pond and ocean color might be applicable for indicating
different algae species.

In addition to the optical orthomosaic data we provide the user with photogrammetrically derived DEM
products of the sea ice surrounding RV Polarstern. As evident from Table 2 these are of different quality, which
is dependent on the number of depth maps contributing to each DEM pixel (Fig. 8d,h,1). The DEM and ortho-
mosaic products can therefore be investigated by the user employing the provided confidence maps available
for each survey flight. These can also be used to mask out low-confidence regions in the DEM and orthomosaic
datasets. When investigating the differences between the photogrammetric DEMs and the ALS derived surface
measurements (e.g. Fig. 6e) it becomes evident that the largest differences occur in areas of melt ponds. While
the ALS measures the laser pulse returns from the water surface, visible radiation is able to penetrate clear melt
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pond water. After correcting the images or point cloud for the refraction of water this capability has already been
used to map coastal bathymetry elsewhere**® and photogrammetric DEMs might assist the evaluation of melt
pond depth and volumes on sea ice.

Code availability

All processing developed within this study is wrapped in a python environment and is available at https://gitlab.
com/mosaic12/orthomosaics. For calculating image footprint locations we used the CameraTransform python
package®. Note that part of the code is based on the commercial Agisoft Metashape software requiring licensing.

Received: 14 November 2022; Accepted: 15 June 2023;
Published online: 03 July 2023

References

1. Alfred-Wegener-Institut Helmholtz-Zentrum fiir Polar- und Meeresforschung. Polar Research and Supply Vessel POLARSTERN
Operated by the Alfred-Wegener-Institute. Journal of large-scale research facilities https://doi.org/10.17815/jlsrf-3-163 (2017).

2. Nicolaus, M. et al. Overview of the MOSAiC expedition: Snow and sea ice. Elementa: Science of the Anthropocene 10, https://doi.
org/10.1525/elementa.2021.000046 (2022).

3. Westoby, M., Brasington, J., Glasser, N., Hambrey, M. & Reynolds, J. ‘Structure-from-Motion’ photogrammetry: A low-cost, effective
tool for geoscience applications. Geomorphology 179, 300-314, https://doi.org/10.1016/j.geomorph.2012.08.021 (2012).

4. Dietrich, J. T. Bathymetric Structure-from-Motion: extracting shallow stream bathymetry from multi-view stereo photogrammetry.
Earth Surface Processes and Landforms 42, 355-364, https://doi.org/10.1002/esp.4060 (2017).

5. Carrivick, J. L. & Smith, M. W. Fluvial and aquatic applications of Structure from Motion photogrammetry and unmanned aerial
vehicle/drone technology. WIREs Water 6, 1328, https://doi.org/10.1002/wat2.1328 (2019).

6. Siebert, S. & Teizer, ]. Mobile 3D mapping for surveying earthwork projects using an Unmanned Aerial Vehicle (UAV) system.
Automation in Construction 41, 1-14, https://doi.org/10.1016/j.autcon.2014.01.004 (2014).

7. Lopez, J. B. et al. 3D modelling in archaeology: The application of Structure from Motion methods to the study of the megalithic
necropolis of Panoria (Granada, Spain. Journal of Archaeological Science: Reports 10, 495-506, https://doi.org/10.1016/j.
jasrep.2016.11.022 (2016).

8. Hyun, C.-U,, Kim, J.-H., Han, H. & Kim, H.-C. Mosaicking Opportunistically Acquired Very High-Resolution Helicopter-Borne
Images over Drifting Sea Ice Using COTS Sensors. Sensors 19, https://doi.org/10.3390/s19051251 (2019).

9. Li, T. et al. Resolving Fine-Scale Surface Features on Polar Sea Ice: A First Assessment of UAS Photogrammetry Without Ground
Control. Remote Sensing 11, https://doi.org/10.3390/rs11070784 (2019).

10. Coffin, D. DCRAW: Decoding raw digital photos in linux (2008).

11. Harvey, P. ExifTool (2016).

12. Ehrlich, A., Bierwirth, E., Wendisch, M., Herber, A. & Gayet, J.-F. Airborne hyperspectral observations of surface and cloud
directional reflectivity using a commercial digital camera. Atmospheric Chemistry and Physics 12, 3493-3510, https://doi.
org/10.5194/acp-12-3493-2012 (2012).

13. Over, J.-S. R. et al. Processing coastal imagery with Agisoft Metashape Professional Edition, version 1.6-Structure from motion
workflow documentation. Tech. Rep., Reston, VA (2021).

14. Fuchs, N. PASTA-ice Github Repository (v2023.01). Zenodo https://doi.org/10.5281/zenodo.7548469 (2023).

15. Lund, B. et al. Arctic Sea Ice Drift Measured by Shipboard Marine Radar. Journal of Geophysical Research: Oceans 123, 4298-4321,
https://doi.org/10.1029/2018]C013769 (2018).

16. Thorndike, A. S. & Colony, R. Sea ice motion in response to geostrophic winds. Journal of Geophysical Research: Oceans 87,
5845-5852, https://doi.org/10.1029/JC087iC08p05845 (1982).

17. Schweiger, A. J. & Zhang, J. Accuracy of short-term sea ice drift forecasts using a coupled ice-ocean model. Journal of Geophysical
Research: Oceans 120, 7827-7841, https://doi.org/10.1002/2015]C011273 (2015).

18. Krumpen, T. et al. MOSAIC drift expedition from October 2019 to July 2020: sea ice conditions from space and comparison with
previous years. The Cryosphere 15, 3897-3920, https://doi.org/10.5194/tc-15-3897-2021 (2021).

19. WERUM. Data Acquisition and Management System for technical, nautical and scientific data, https://dship.awi.de/ (2022).

20. Cox, C., Gallagher, M., Shupe, M., Persson, O. & Solomon, A. Atmospheric Surface Flux Station #30 measurements (Level 1 Raw),
Multidisciplinary Drifting Observatory for the Study of Arctic Climate (MOSAiC), central Arctic, October 2019 - September 2020,
https://doi.org/10.18739/A20C4SM1] (2021).

21. Agisoft LLC. Agisoft Metashape User Manual Professional Edition, Version 1.7 (2021).

22. Triggs, B., McLauchlan, P. E, Hartley, R. I. & Fitzgibbon, A. W. Bundle Adjustment-A Modern Synthesis. In Triggs, B., Zisserman,
A. & Szeliski, R. (eds.) Vision Algorithms: Theory and Practice, 298-372 (Springer Berlin Heidelberg, Berlin, Heidelberg, 2000).

23. Zhou, Q.-Y., Park, J. & Koltun, V. Open3D: A modern library for 3D data processing. arXiv:1801.09847 (2018).

24. Naggar, S. E. & Fahrbach, E. Handbuch FS POLARSTERN. Ein Leitfaden zur Planung und Durchfiihrung von Expeditionen mit FS
Polarstern (2006).

25. Andersen, O. B. DTU21 Mean Sea Surface. DTU Data https://doi.org/10.11583/DTU.19383221.v1 (2022).

26. Hutter, N. et al. Merged grids of sea-ice or snow freeboard from helicopter-borne laser scanner during the MOSAIC expedition,
version 1. PANGAEA https://doi.org/10.1594/PANGAEA.950896 (2022).

27. Beyer, R. A., Alexandrov, O. & McMichael, S. The Ames Stereo Pipeline: NASA’s Open Source Software for Deriving and Processing
Terrain Data. Earth and Space Science 5, 537-548, https://doi.org/10.1029/2018EA000409 (2018).

28. Pomerleau, F, Colas, F, Siegwart, R. & Magnenat, S. Comparing ICP variants on real-world data sets. Autonomous Robots 34,
133-148 (2013).

29. George, G. E. Cloud Shadow Detection and Removal from Aerial Photo Mosaics Using Light Detection and Ranging (LIDAR)
Reflectance Images. Ph.D. thesis (2011).

30. Neckel, N. et al. Helicopter-borne RGB orthomosaics and photogrammetric Digital Elevation Models from the MOSAiC Expedition.
PANGAEA, https://doi.org/10.1594/PANGAEA.949433 (2023).

31. Thielke, L. et al. Sea ice surface temperatures from helicopter-borne thermal infrared imaging during the MOSAiC expedition.
Scientific Data 9, 364 (2022).

32. Amani, M. et al. Google Earth Engine Cloud Computing Platform for Remote Sensing Big Data Applications: A Comprehensive
Review. IEEE Journal of Selected Topics in Applied Earth Observations and Remote Sensing 13, 5326-5350, https://doi.org/10.1109/
JSTARS.2020.3021052 (2020).

33. Werner, C., Wegmiiller, U, Strozzi, T. & Wiesmann, A. GAMMA SAR and Interferometric Processing Software. In ERS - ENVISAT
Symposium, Gothenburg, Sweden (2000).

34. Hofle, B., Vetter, M., Pfeifer, N., Mandlburger, G. & Stétter, ]. Water surface mapping from airborne laser scanning using signal
intensity and elevation data. Earth Surface Processes and Landforms 34, 1635-1649, https://doi.org/10.1002/esp.1853 (2009).

SCIENTIFIC DATA | (2023) 10:426 | https://doi.org/10.1038/s41597-023-02318-5 12


https://doi.org/10.1038/s41597-023-02318-5
https://gitlab.com/mosaic12/orthomosaics
https://gitlab.com/mosaic12/orthomosaics
https://doi.org/10.17815/jlsrf-3-163
https://doi.org/10.1525/elementa.2021.000046
https://doi.org/10.1525/elementa.2021.000046
https://doi.org/10.1016/j.geomorph.2012.08.021
https://doi.org/10.1002/esp.4060
https://doi.org/10.1002/wat2.1328
https://doi.org/10.1016/j.autcon.2014.01.004
https://doi.org/10.1016/j.jasrep.2016.11.022
https://doi.org/10.1016/j.jasrep.2016.11.022
https://doi.org/10.3390/s19051251
https://doi.org/10.3390/rs11070784
https://doi.org/10.5194/acp-12-3493-2012
https://doi.org/10.5194/acp-12-3493-2012
https://doi.org/10.5281/zenodo.7548469
https://doi.org/10.1029/2018JC013769
https://doi.org/10.1029/JC087iC08p05845
https://doi.org/10.1002/2015JC011273
https://doi.org/10.5194/tc-15-3897-2021
https://dship.awi.de/
https://doi.org/10.18739/A20C4SM1J
https://doi.org/10.11583/DTU.19383221.v1
https://doi.org/10.1594/PANGAEA.950896
https://doi.org/10.1029/2018EA000409
https://doi.org/10.1594/PANGAEA.949433
https://doi.org/10.1109/JSTARS.2020.3021052
https://doi.org/10.1109/JSTARS.2020.3021052
https://doi.org/10.1002/esp.1853

www.nature.com/scientificdata/

35. Wright, N. C. & Polashenski, C. M. Open-source algorithm for detecting sea ice surface features in high-resolution optical imagery.
The Cryosphere 12, 1307-1329, https://doi.org/10.5194/tc-12-1307-2018 (2018).

36. Agrafiotis, P.,, Karantzalos, K., Georgopoulos, A. & Skarlatos, D. Correcting Image Refraction: Towards Accurate Aerial Image-Based
Bathymetry Mapping in Shallow Waters. Remote Sensing 12, https://doi.org/10.3390/rs12020322 (2020).

37. Gerum, R. C. et al. CameraTransform: A Python package for perspective corrections and image mapping. SoftwareX 10, 100333,
https://doi.org/10.1016/j.s0ftx.2019.100333 (2019).

38. Nixdorf, U. et al. MOSAiC Extended Acknowledgement. Zenodo https://doi.org/10.5281/zenodo.5541624 (2021).

39. Tadono, T. et al. Precise Global DEM Generation by ALOS PRISM. ISPRS Annals of the Photogrammetry, Remote Sensing and Spatial
Information Sciences I1-4, 71-76, https://doi.org/10.5194/isprsannals-11-4-71-2014 (2014).

40. Takaku, J., Tadono, T., Doutsu, M., Ohgushi, . & Kai, H. Updates of Aw3d30’ Alos Global Digital Surface Model With Other Open
Access Datasets. The International Archives of the Photogrammetry, Remote Sensing and Spatial Information Sciences XLIII-B4-2020,
183-189, https://doi.org/10.5194/isprs-archives-XLIII-B4-2020-183-2020 (2020).

41. Ludwig, V., Spreen, G. & Pedersen, L. T. Evaluation of a New Merged Sea-Ice Concentration Dataset at 1 km Resolution from
Thermal Infrared and Passive Microwave Satellite Data in the Arctic. Remote Sensing 12, https://doi.org/10.3390/rs12193183 (2020).

Acknowledgements

Data used in this manuscript were produced as part of the international Multidisciplinary drifting Observatory
for the Study of the Arctic Climate (MOSAIC) with the tag MOSAiC20192020 and the Project_ID: AWI_
PS122_00. We thank all those who contributed to MOSAiC and made this endeavor possible®. We thank the
Institute of Environmental Physics, University of Bremen for the provision of the merged MODIS-AMSR2 sea-ice
concentration data at https://seaice.uni-bremen.de/data/modis_amsr2 employed in Fig. 1. Global DEM data have
been provided by AW3D of the Japan Aerospace Exploration Agency. N. Neckel and A. Jutila are funded by the
BMBEF IceSense (03F0866A) project. The pictures in Fig. 1a,b were kindly provided by Christian Royal and Stefan
Hendricks respectively. The TerraSAR-X image used in this study was acquired using TerraSAR-X AO OCE3562_4
(PL: Suman Singha) and provided under the framework of DFG funded project “MOSAiCMicrowaveRS” under
Grant SI 2564/1-1 and Grant SP 1128/8-1. N. Fuchs is funded by the BMBF NiceLABpro (03F0867A) project. We
acknowledge support by the Open Access Publication Funds of Alfred-Wegener-Institut Helmholtz-Zentrum fiir
Polar- und Meeresforschung.

Author contributions

N.N. implemented the processing scheme and wrote the initial draft of the manuscript. N.F. contributed
to the camera system setup, operating procedures and developed parts of the evaluation methods. N.H. and
A.J. provided the gridded ALS dataset. The remaining authors operated the camera during MOSAiC and/or
commented on the initial draft of the manuscript.

Funding
Open Access funding enabled and organized by Projekt DEAL.

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to N.N.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2023

SCIENTIFIC DATA | (2023) 10:426 | https://doi.org/10.1038/s41597-023-02318-5 13


https://doi.org/10.1038/s41597-023-02318-5
https://doi.org/10.5194/tc-12-1307-2018
https://doi.org/10.3390/rs12020322
https://doi.org/10.1016/j.softx.2019.100333
https://doi.org/10.5281/zenodo.5541624
https://doi.org/10.5194/isprsannals-II-4-71-2014
https://doi.org/10.5194/isprs-archives-XLIII-B4-2020-183-2020
https://doi.org/10.3390/rs12193183
https://seaice.uni-bremen.de/data/modis_amsr2
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Helicopter-borne RGB orthomosaics and photogrammetric digital elevation models from the MOSAiC Expedition

	Background & Summary

	Methods

	Data acquisition setup. 
	Data overview. 
	Production of RGB orthomosaics and photogrammetric DEMs. 
	Image conversion, vignetting and initial brightness correction. 
	Initial drift correction. 
	Structure from motion pipeline. 
	Filtering of dense point cloud. 
	Gridding and projection of orthomosaics. 

	Combination of camera and ALS data. 

	Data Records

	Technical Validation

	Usage Notes

	Acknowledgements

	Fig. 1 Overview of helicopter setup and RGB camera surveys conducted during the MOSAiC expedition.
	Fig. 2 Relation between flight altitude and image overlap.
	Fig. 3 Flowchart in the production of RGB orthomosaics from helicopter-borne camera surveys conducted during the MOSAiC expedition.
	Fig. 4 Orthomosaic of survey flight 20200321_01_PS122-3_32-70.
	Fig. 5 Graphical user interface to select ‘Open water’ areas and ‘Snow/ice’ covered areas.
	Fig. 6 Combination of photogrammetric and ALS datasets of survey flight 20200630_01_PS122-4_45-36.
	Figure 7 Orthorectified images of survey flight 20200717_01_PS122-4_47-96 with data acquired at 15:43:09 (a) and 15:48:41 (b) are shown next to the resulting orthomosaic (c).
	Figure 8 Comparison of example orthomosaics to independent reference data.
	Table 1 List of evaluated helicopter surveys conducted during legs 3-5 of the MOSAiC expedition.
	Table 2 Overview of the resulting orthomosaics and DEMs.




