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Abstract. The natural resources of Ethiopian high-altitude ecosystems are commonly perceived as increasingly threatened 15 

by devastating land-use practices owing to decreasing lowland resources. Quantified time-series data of the course of land-

use cover changes are still needed. Very high-resolution digital data on the historical landscape over the recent decades are 

needed for determining the impacts of changes in afro-alpine ecosystems. However, digital elevation models (DEMs) and 

orthomosaics do not exist for most afro-alpine ecosystems of Africa. We processed the only available and oldest historical 

aerial photographs for Ethiopia and, to the best of our knowledge, for any afro-alpine ecosystem. Here, we provide both 20 

DEM and orthomosaic images for the years 1967 and 1984 for the Bale Mountains in Ethiopia, which comprise the largest 

afro-alpine ecosystem in Africa. We used 298 historical aerial photographs captured in 1967 and 1984 for generating DEMs 

and orthomosaics with Structure from Motion Multi View Stereo Photogrammetry along an elevation gradient from 977 to 

4377 m above sea level (asl) at spatial resolutions of 0.84 m and 0.98 m for the years 1967 and 1984, respectively. Our da-

tasets can be used by researchers and policymakers for (1) watershed management, as the area provides water for more than 25 

30 million people; (2) landscape management; (3) detailed mapping and analysis of geological and archaeological features, 

as well as natural resources; (4) analyses of geomorphological processes; and (5) biodiversity research. 
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1 Introduction 35 

Landscapes worldwide are increasingly affected by anthropogenic and natural factors such as land use and climate change 

(Bendix et al., 2021; He et al., 2021; Huggel et al., 2012; Peters et al., 2019; Slaymaker and Embleton-Hamann, 2018). Afro-

alpine ecosystems are particularly threatened due to population growth and human settlements, overgrazing, recurrent fire, 

deforestation, agricultural expansion (Gehrke and Linder, 2014; Gil-Romera et al., 2019; Kidane et al., 2012; Mezgebu and 

Workineh, 2017; Muhammed and Elias, 2021; Nyssen et al., 2014), and climate change (Colwell et al., 2008; Diaz and Brad-40 

ley, 1997; Jacob et al., 2020; Kidane et al., 2022; Palomo, 2017). These impacts are of particular importance in afro-alpine 

ecosystems because they are hotspots of biodiversity and endemism  (Gehrke and Linder, 2014; Merckx et al., 2015), and 

thus prominent for their ecological significance and considerable economic, recreational, aesthetic, and scientific value (Mu-

hammed and Elias, 2021; Rahbek et al., 2019). They also constitute important freshwater sources for mountain and lowland 

ecosystems, as well as for millions of people living in the adjacent areas. 45 

For analysing the effects of land use and climate change in afro-alpine ecosystems, digital data on the historical landscape at 

high spatial resolution are needed. Digital elevation models (DEMs) and orthomosaics are important data sources for quanti-

fying the impacts of anthropogenic and natural changes. For instance, DEMs and orthomosaics can be used for research in 

structural geology (Da Costa and Starkey, 2001), earthquake impacts (Lu et al., 2021), archaeology (Risbøl et al., 2015), 

geomorphology (van Westen and Lulie Getahun, 2003), water resources management (Chignell et al., 2019), and land use 50 

land cover dynamics (Jacob et al., 2016). However, most studies have used satellite images with 10–60 m resolution (Kidane 

et al., 2012; Mezgebu and Workineh, 2017; Muhammed and Elias, 2021), freely available DEMs of 30 m or coarser resolu-

tion (Chignell et al., 2019; Farr et al., 2007; Friss et al., 2010; Kidane et al., 2022), and georeferenced aerial photographs 

with small spatial extent (< 225 km2; Carta et al., 2018; Jacob et al., 2016; Johansson et al., 2019). However, no openly ac-

cessible historical DEMs and orthomosaics at high spatial resolution (< 5 m) and large spatial extent (> 127 km2) exist for 55 

afro-alpine ecosystems. Currently, DEM and orthomosaics generated with unmanned aerial vehicles or helicopters reach 

spatial resolutions of 0.1 to 0.5 m with an extent ranging from 1.6 to 127 km
2
 only in urban regions (Benoit et al., 2019; 

Bühler et al., 2012; Immerzeel et al., 2014). 

In this study, we aim to present DEMs and orthomosaics for the years 1965/67 and 1984 at very high spatial resolutions 

(0.84 m and 0.98 m, respectively) for the remote Bale Mountains in Ethiopia, which comprise the largest afro-alpine ecosys-60 

tem in Africa (Chignell et al., 2019). Our data can be used by researchers and policy makers for (1) watershed management, 

(2) analyses of historical landscape change, (3) detailed mapping and analyses of geological and archaeological features, as 

well as natural resources, (4) analyses of geomorphological processes, (5) socioecological patterns and dynamics, (6) model-

ling and planning for telecommunications, and (7) biodiversity research. Owing to its high spatial resolution and spatiotem-

poral coverage, our data will foster studies on the drivers of landscape change and its quantification. 65 
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2 Material and Methods 

2.1 Study area 

The study area lies between 6º20′27″ to 7º51′17″ N and 39º16′58″ to 40º04′40″ E, (5730 km²) located 400 km southeast of 70 

Addis Ababa in the Oromia regional state of Ethiopia (Fig. 1). The area lies within the Bale Mountains and covers 25 % of 

the afro-alpine ecosystem of Africa (de Deus Vidal and Clark, 2020; Carbutt, 2020; Gehrke and Linder, 2014). The Bale 

Mountains were formed by lava outpourings of the Trappean series, which created a vast lava plateau considerably eroded 

and flattened by later glaciations (Berhe et al., 1987; Williams, 2017). The soils in the area tend to be shallow, gravelly, 

fertile silty loams of reddish-brown to black colour, as the parent rock is mainly basaltic and trachytic (Miehe and Miehe, 75 

1994). The study area provides the water source for over 30 million people in Ethiopia, Somalia, and Kenya, and contributes 

to five major perennial rivers (Fig. 1).  

The climate in the study area varies from north to south mainly owing to differences in elevation, aspect, and the influence of 

lowland hot air masses, which also influence the annual migration of the Intertropical Convergence Zone and Indian Ocean 

Monsoon (Miehe and Miehe, 1994). The mean monthly minimum and maximum temperatures are 5.6 °C and 21.4 °C, re-80 

spectively, for an altitudinal range of 2700 to 4377 m above sea level (asl). The mean annual ground temperature ranges 

from 7 to 11 °C (Groos et al., 2022). The lowest and highest temperatures recorded on the Sanetti Plateau were -15 ºC and 26 

ºC, respectively (Hillman, 1988), where frosts occur during all clear nights throughout the year (Groos et al., 2022). Rainfall 

is variable throughout the study area and ranges from 800 to 1500 mm annually (Woldu et al., 1989).  

2.2 Data 85 

We used historical aerial photographs (HAPs) taken in 1967 and 1984. They have a forward overlap of approximately 60 %, 

a side overlap of approximately 30 %, and were captured using an aerial 9 x 9-inch film frame camera, which was scanned at 

a resolution of 1200 dots per inch. The qualities of all scanned HAPs were excellent enough for processing with an image 

quality value above 0.5 units. For assessing the accuracy of our generated DEMs and orthomosaics, we used three sources of 

data: (1) Advanced Spaceborne Thermal Emission and Reflection Radiometer Global Digital Elevation Model (ASTER 90 

GDEM) data with a spatial resolution of 15 m, (2) data from the Shuttle Radar Topography Mission (SRTM) with a spatial 

resolution of 30 m, and (3) Advanced Land Observing Satellite Phased Array Type L band Synthetic Aperture Radar data 

(ALOS PALSAR) with a spatial resolution of 12.5 m. Each of the three downloaded DEMs were projected on the Adindan 

UTM coordinate system zone 37 N (EPSG: 20137) using ArcGIS Desktop version 10.8.2 (ESRI Inc., 2021).  

 95 
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The 1967 HAPs were acquired by the United States Air Force under Project number AF 58-3, using a four-engine RC‐130A 

aircraft flying at an altitude of 31,000 feet asl equipped with a KC-1(B) PLANIGON camera. For camera and lens number, 

calibrated focal length, magazine serial number, roll number, exact acquisition dates, and flight index map (see supplemen-

tary material (SM) Fig. S1 and Table S1). The shutter speed and aperture were 1/150 s and F-8, respectively, resulting in a 

scale of approximately 1:62,000.  100 

The 1984 HAPs were obtained by SWEDSURVEY Company under project number “ET 1:5” using a Wild RC 10 camera 

(Wild Universal Aviogon II lens type, camera serial number 3045) with a calibrated focal length of 152.822 mm and a max-

imum aperture of F/4.0. The flight campaign had an average altitude of 7600 m asl and was conducted from 15–17 January, 

1984. For more details on roll number, strip number, photo number, acquisition date, and flight index map see SM Fig. S2 

and Table S2.  105 

2.3 Data preparation 

The data preparation step included extraction of the calibrated focal length, camera principal point coordinates, camera expo-

sure stations, fiducial marks, and ground control points. All data preparation steps were performed with Agisoft Metashape 

Professional version 1.8.0.13794 (AgiSoft LLC, 2021), Google Earth, and ArcGIS Desktop version 10.8.2 (ESRI Inc., 2021). 

2.3.1 Calibrated focal length 110 

The calibrated focal length is a numerical best-balanced value used to determine the scale of the photograph. It is computed 

from the equivalent focal length to obtain minimum distortion and to match the lens distortion (Clarke and Fryer, 1998). The 

calibrated focal lengths were extracted from meta information on the HAPs of the film and from Spriggs (1966).  

2.3.2 Principal points 

A principal point is a point in the precise centre of a photograph. Its coordinates indicate the perpendicular interception of 115 

the optical axis of the lens with the sensor plane (SM Tables S5 and S6). Easting and Northing of the principal points (cam-

era positions) were digitized from the scanned and georeferenced topographic flight index map, which included points of 

camera positions and polygons of consecutive aerial photograph coverage. Elevation data of the principal points were ex-

tracted using Google Earth. For the 1984 HAPs, the principal points were extracted from aero-triangulation documents in the 

Geospatial Information Institute of Ethiopia. For more details, see SM Tables S3 and S4.  120 

2.3.3 Fiducial marks 

Fiducial marks are markers rigidly connected to the centre or corners of the camera body. When the film is exposed, these 

marks appear on the film negative. Fiducial marks and their coordinates were used as input for the processing of scanned 

HAPs during the camera calibration workflow stage. For more details, see SM Figs. S3 and S4 along with Tables S5 and S6.  
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2.3.4 Ground control points 125 

Ground Control Points (GCPs) are locations on the ground localized by a spatial coordinate reference system. They were 

used to georeference the aerial camera data. We extracted 76 GCPs from Worldview-1 satellite imagery (Easting and North-

ing) accessed and downloaded from the database of the DFG research unit 2358 “The Mountain Exile Hypothesis” 

(http://vhrz669.hrz.uni-marburg.de/bale/) and Google Earth (elevation). These included 49 and 27 GCPs used to georefer-

ence the 1967 and the 1984 HAPs, respectively, as their acquisition and flight index differed. For more details, see SM Table 130 

S7.  

3 Data processing 

Data processing was performed using Structure-from-Motion Multi View Stereo Photogrammetry methodology by assigning 

appropriate values and settings in the main steps of loading the aerial photographs; aligning the cameras; building a dense 

point cloud, mesh, digital elevation model, and orthomosaic; and exporting the results.  135 

3.1 Structure-from-Motion Multi View Stereo Photogrammetry 

Structure-from-Motion Multi View Stereo Photogrammetry (SfM MVS Photogrammetry) is applicable for soil erosion, 

volcanology, glaciology, coastal morphology, mass movements, and fluvial morphology. It was used in at least 65 scientific 

studies from 2012 to 2015 (Eltner et al., 2016) and also recently (Grottoli et al., 2020; Tomczyk and Ewertowski, 2021). The 

advantages of SfM MVS Photogrammetry are that it can be applied fully automated (Eltner et al., 2016), is flexible, inexpen-140 

sive, and requires little training (Westoby et al., 2012). The following steps were sequentially applied for generating DEMs 

and orthomosaics with SfM MVS Photogrammetry. 

Aligning. This was the first step in the model generation process to generate tie points and match corresponding features 

using the Invariant Feature Transform algorithm (Lowe, 1999). 

Bundle adjustment. Bundle adjustment was used for calculating individual camera positions and relative positions of corre-145 

sponding features. A least-squares approach was used for estimating camera poses and 3D points.  

Multi view stereo matching. Dense point clouds (multi view stereo) and 3D surfaces (build mesh) were calculated using 

known camera parameters (camera focal length, coordinates of the image principal point, lens distortion coefficients, omega, 

phi, and kappa) and with the SfM points as ground control. All pixels in all images were used, so the resulting dense model 

was similar in resolution to the raw photographs.  150 

Georectification. In this stage, the point cloud from an internal, arbitrary coordinate system was projected onto a geograph-

ical coordinate system. For the 1984 HAPs, the georectification process was completed using the camera positions and focal 

lengths, and for the 1967 HAPs by incorporating GCPs with known coordinates. 

Derivative product generation. In this step, the final DEM and orthomosaics were created from the dense point clouds and 

3D surfaces. For more details on the inputs and values used, see SM Table S9.  155 
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4 Results and discussion 

The produced tie points resulted from the “align” step consisted of 412,903 (1967) and 450,071 (1984) filtered points, with 

low tie point reprojection errors ranging from 1.49 to 0.57 pixels, demonstrating the high quality of the image geometry 

network (Table 1). The dense point clouds consisted of 4,821,064,653 points for the 1967 HAPs and 6,501,301,603 points 

for the 1984 HAPs. These points were used to obtain a DEM and orthomosaic with spatial resolutions of 0.84 m and 0.98 m 160 

for 1967 and 1984 data, respectively (Figs. 2 and 3).  

In a previous study, Frankl et al. (2015) processed 27 HAPs (both vertical and oblique) acquired in 1935 in the Suluh River 

Valley, Ethiopia, using SfM MVS and produced orthomosaics with planimetric and elevation root mean square error 

(RMSE) accuracy of 30 and 50.7 m, respectively. However, the accuracy of our DEMs produced for the years 1967 and 

1984 was higher, with an RMSE of 3.55 and 3.44 m, respectively (Table 2). Considering that the SfM–MVS method yields 165 

accuracies of 1/1000 of the viewing distance, the elevations above the ground surface at which our HAPs were collected 

(8300 m for 1967 and 5068 m for 1984) yield acceptable error values of 8.3 and 5 m, respectively, which were achieved with 

our data products.  

The orthomosaics and DEMs provided here will help to identify areas where changes in environmental characteristics oc-

curred (e.g., encroachment of humans or deforestation of the Ericaceous vegetation in the north western part of the study 170 

area). For example, it became clear from our data that there was no severe human interference and deforestation before 1967. 

However, the 1984 orthomosaics provide evidence that people began intruding into Bale Mountains National Park and de-

graded the land by clearing vegetation near the settlements.  

4.1 Example: quantification of volumetric change 

Within the study area, soil material was excavated and used for constructing and repairing a gravel road (Fig. 4). An example 175 

volumetric analysis was done with Agisoft metashape professional software (AgiSoft LLC, 2021) for selected sites. The 

volumetric change calculated from the 1967 and 1984 DEMs was 14,728.9 m³ for data example 1 (Fig. 4a, b) and 97,352 m3 

for data example 2 (Fig. 4e, f).  

4.2 Quality assessment  

The quality of the resulting dataset was assessed using external sources (509 GPS control points [CPs] collected in the field, 180 

as well as ASTER GDEM, SRTM DEM, and ALOS PALSAR points for both 1967 and 1984). Our generated DEMs have 

higher accuracies than previous DEMs (Fig. 5 and Table 2). As demonstrated by its RMSE value of 3.44, the DEM generat-

ed from the 1984 HAPs had the best quality. The 1967 DEM also had a very good quality, as indicated by an RMSE value of 

3.55. The multiple R-squared value was 0.9998 (equal to the 1984 DEM) and there was no significant difference between 

1967 and 1984 DEMs (Table 2).  185 
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In addition, the resulting dataset was also assessed by internal precision as presented in Table 1. It indicates a high quality of 

internal image network geometry as huge dense point clouds for historical aerial photographs. This was illustrated by the low 

sub-pixel values of tie point reprojection errors of 1.49 and 0.68 pixels and the RMSE of 4.24 and 0.88 cm on the control 

points for the years 1967 and 1984, respectively. Among the three readily available DEMs used for the quality assessment, 

SRTM DEM had the highest quality (RMSE value of 5.64) in our study area, which has a complex topography and a huge 190 

elevation difference of 3800 m. These results agree with Sena et al. (2020). The SRTM DEM showed better precision (Fig. 5 

and Table 2). However, others (Shebl and Csámer, 2021; Chowdhuri et al., 2021; Jalal et al., 2020) concluded that ALOS 

PALSAR is more accurate than the SRTM and ASTER DEMs and obtained different results for our study area. The ALOS 

PALSAR DEM (Fig. 5 and Table 2) was the next most accurate DEM with an RMSE vertical accuracy of 11.38. The AS-

TER GDEM was the least accurate in the area as the residual standard error value was 11.42 with an RMSE value of 11.54, 195 

indicating that there is a huge gap in elevation values compared to the field GPS control points (Fig. 5). Thomas et al. (2014) 

also attested to a higher accuracy for SRTM compared to ASTER.  

5 Data availability 

All described datasets are available in the Zenodo link repository https://doi.org/10.5281/zenodo.7271617 (Muhammed et 

al., 2022a) for the inputs and https://doi.org/10.5281/zenodo.7269999 (Muhammed et al., 2022b) for the results obtained.  200 

The structure of the dataset is as follows. 

1 Unprocessed scanned aerial Photographs (approximately 36.1 GB) are available at 

https://doi.org/10.5281/zenodo.7271617 (Muhammed et al., 2022a). The images are zipped into four zipped folders 

named: “1967_Scanned_HAPs_Part1.7z” and “1967_Scanned_HAPs_Part2.7z” for the 1967 historical aerial photo-

graphs; and “1984_Scanned_HAPs_Part1.7z” and “1984_Scanned_HAPs_Part2.7z” for the 1984 historical aerial pho-205 

tographs. The scanned photographs are in Tiff format except four photographs in JPEG format.  

2 Camera position coordinates (principal point coordinates) data are zipped into one folder “Camera_Position.zip” and 

two text files: “PP_1967.txt” and “PP_1984.txt” available at https://doi.org/10.5281/zenodo.7271617 (Muhammed et al., 

2022a).  

3 Flight index shapefile data are zipped into one folder named “Flight_Index.zip” with four shape files: “PP_1967.shp”, 210 

“PP_1984.shp”, “flight_index_1967.shp”, and “flight_index_1984.shp”; and ground control point data are zipped into 

one folder named “GCP.zip” with two text files: “GCP_1967.txt” and “GCP_1984.txt available at 

https://doi.org/10.5281/zenodo.7271617 (Muhammed et al., 2022a). 

4 The results of photogrammetric processing (approximately 32.5 GB) are available at 

https://doi.org/10.5281/zenodo.7269999 (Muhammed et al., 2022b), and are grouped into subfolders named: 215 

“DEM_1967.7z”: inside the zipped folder “1967_DEM.tif” (digital elevation model for the year 1967), 

“DEM_1984.7z”: inside the zipped folder “1984_DEM.tif” (digital elevation model for the year 1984), and 
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“1967_Orthomosaic.7z” and “1984_Orthomosaic.7z” contain orthomosaic files “1967_orthomosaic.tif” and 

“1984_orthomosaic.tif” for the year 1967 and 1984, respectively. All data are in GeoTIFF format in the Adindan UTM 

Zone 37 N (EPSG: 20137) projected coordinate system.  220 

5 Data extracted from the resulted study area for the volumetric calculation and visualization (approximately 1 MB) are 

available at https://doi.org/10.5281/zenodo.7269999 (Muhammed et al., 2022b) inside zipped folder “Da-

ta_Examples.Zip” and “Accuracy_assessment.7z” contains text and excel file used for accuracy assessment calculation. 

For more detail on the list of filenames for corresponding years and content descriptions, see SM Table S8.  

6 Conclusions 225 

We processed the only readily available and oldest historical aerial photographs for Ethiopia and, to the best of our 

knowledge, for any afro-alpine ecosystem. We generated the first historical high-resolution DEMs and orthomosaics for the 

years 1967 and 1984 at a larger spatial extent (5730 km2) and a high spatial resolution (0.84 and 0.98 m, respectively). Our 

datasets will help the scientific community address various research questions related to the Bale Mountains and afro-alpine 

ecosystems in general.  230 
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Figures and Tables 

 

Figure 1. Study area in the southern Ethiopian highlands, east Africa. Data: Shuttle Radar Thematic Mapper (United 
States Geological Survey), Ethio-GIS (Central Statistics Agency)  
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Figure 2. Orthomosaics generated for 1967 (a–d) and 1984 (e–h) showing encroachment and cultivation of land in the 

north western portion of the study area, (a) and (e); forested area, (d) and (h); wetland area with earth mounds of 

ground-dwelling small mammals, (b) and (f); gravel road construction in 1984, (g); and no visible road constructed in 
1967, (c) 
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Figure 3. Digital elevation models generated for the afro-alpine ecosystem of the Bale mountains in Ethiopia from 
scanned historical aerial photographs for the years 1967 (a) and 1984 (b) 

 

 

Figure 4. Digital elevation model extent used for calculating the volumetric change in the study area for two example 

sites between the years 1967 and 1984: (a), (b), (e), and (f) for data examples 1 and 2 (see Fig. 1). Orthomosaics show-

ing the planimetric extent of the extracted selected material: (c), (d), (g), and (h) at the centre of the study area, the 

Sanetti plateau. The 1967 orthomosaics (c) and (g) depict no excavation. The1984 orthomosaics (d) and (h) show the 

excavation and gravel road construction to Delo Menna town (toward the southeast) and Goba town (towards the 

north). See also Fig. 1. 
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Figure 5. Comparison of the distribution of error in elevation value differences between each GPS control point col-

lected in the field and the DEMs generated for the years 1984 and 1967, and the readily available DEMs: ALOS 
PALSAR, SRTM, and ASTER 
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Table 1. Parameters, processing errors, and final product characteristics used and obtained in this study 

 Acquisition year 

1965/67 1984 

Camera model KC-1B WILD RC 10 

Image size (pixels) 12,000 x 12,000 12,000 x 12,000 

Focal length (mm) default 152.822 

Pixel size (μm) 20 20 

Camera shutter type Mechanical Mechanical 

Coverage (km2) 4370 5730 

Average flight height asl (m) 9448 7600 

Number of images 145 153 

Ground sampling distance (m/pix) 0.84 0.98 

Number of tie points after filtration 412,903 450,071 

Number of dense point clouds 4,821,064,653 6,501,301,603 

Tie point RMS reprojection error (pix) 1.49 0.68 

Average tie point multiplicity 2.19 2.26 

Mean key point size 4.90 4.75 

Dense cloud point density (point m-2) 1.41 1.03 

Number of control points 49 27 

Total (3D) RMSE (cm) on control 

points 

4.24 0.88 
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Table 2. Quality assessment showing statistical differences between control points and the respective points in the five 

DEMs (Min = minimum elevation difference from field control points, 1Q = first quantile, Med = median, 3Q = third 

quantile; Max = maximum elevation difference from control points, RSE = Residual Standard Error, M R
2
 = Multi-

ple R-Squared, and RMSE = Root Mean Square Error) 

Data Min 1Q Med 3Q Max RSE M R
2 RMSE 

CP- 1984 -5.56 -2.79 -0.04 2.41 7.40 3.22 0.9998 3.44 

CP- 1967 -5.84 -2.88 -0.12 2.94 7.73 3.41 0.9998 3.55 

CP- ALOS PALSAR -12.47 -2.62 -0.21 2.39 14.82 4.05 0.9997 11.38 

CP- SRTM -14.03 -2.92 -0.49 2.71 29.95 4.87 0.9995 5.64 

CP- ASTER -54.58 -7.76 -0.05 7.25 32.40 11.42 0.9974 11.54 
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