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markers (Chandler et al. 2008) or using the opti-
cal properties like specular reflection (Rupnik et al. 
2015) or refraction (Murase 1992; Morris and Kutu-
lakos 2011). However, these methods often rely on 
restrictive assumptions, like previous knowledge 
of the mean water height or the topography, and 
are not ideal for reconstructing both the water sur-
face and underwater topography in natural envi-
ronments.

Our work aims to address these limitations by 
developing a method for the simultaneous recon-
struction of the water surface and bottom, which 
would then contribute to the development of a 
solution that would be deployable over inland riv-
ers and coastal areas.

The following sections discuss our methodol-
ogy, results and future research directions.

2 Methodology

2.1 Goal and design of the experiment
We designed and implemented a lab experiment 
allowing different data acquisition set-ups for si-
multaneous capture of the water surface and the 

1 Introduction
Photo bathymetry is the use of photogrammetry 
for underwater topography reconstruction. It pro-
vides an alternative to traditional acoustic systems 
which can be more practical and affordable, par-
ticularly for water bodies with limited depth and 
low turbidity like inland rivers or coastal areas. In 
aerial photo bathymetry, where the imaging sys-
tems are above the water, the optical rays must 
pass through air and water. This is then a case of 
two-media photogrammetry, requiring the appli-
cation of Snell’s law to correct the refraction of the 
rays at the interface. As of today, this issue is the 
main obstacle to achieving high accuracy photo 
bathymetry.

A 3D model of the water surface is therefore a 
prerequisite to correct the ray paths, but many 
current methods simplify the problem by approxi-
mating the surface as a static plane, ignoring its 
dynamic, wave-induced nature. Okamoto (1982) 
has highlighted that waves introduce substan-
tial errors in underwater topography reconstruc-
tion. Existing methods for reconstructing wave 
patterns are diverse, including the use of surface 
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use Agisoft Metashape (Over et al. 2021) to esti-
mate the radial distortion, as well as the interior 
and exterior orientations of the cameras via bun-
dle-block adjustment.

For geo-referencing in the laboratory local co-
ordinate system, we use ground control points 
(GCP). Approximately 80 coded markers were in-
stalled around the scene and surveyed with sub-
millimetre precision using a total station (Leica 
TS16). These markers were selected to allow auto-
matic detection in Metashape and were strategi-
cally placed around the aquarium to function as 
GCPs and checkpoints. Their placement was care-
fully considered to align with the cameras’ field 
of view, aiming for an even distribution along the 
three axes despite the restrictive environment. 
The markers were measured using angle and dis-
tance measurements from six different positions 
but only angle measurements were used during 
processing. The coordinates of the points within 
the laboratory local coordinate system were thus 
estimated via forward intersection, resulting in a 
maximum standard deviation of 0.2 mm for any 
point coordinate.

Reference model
Before filling the aquarium with water and acquir-
ing the data, several images of the aquarium were 
captured still in dry state using a 28 mm focal 
length Nikon camera. These images were used to 
create a reference model of the topography. The 
final model was generated by applying dense im-
age matching in Metashape and serves as valida-
tion. It is presented in Fig. 2.

Acquisition plan
In order to gather a comprehensive dataset and 
analyse the impact of various parameters, an ex-
tensive acquisition plan was implemented in sev-
eral stages, with each stage building on and im-
proving the previous one based on the insights 
gained. 

water bottom, as illustrated in Fig.  1. The focus 
of the experiment is to assess the feasibility of (i) 
capturing and (ii) reconstructing the water sur-
face, which are two distinct issues. Capturing the 
water surface involves identifying the optimal 
configuration in terms of equipment, imaging pa-
rameters, lighting, positioning, etc. On the other 
hand, reconstructing the water surface relates to 
what extent the water surface can be modelled, 
specifically which parameters can be extracted, 
which area can be covered, etc. Additionally, this 
setup is intended as a preliminary step towards a 
more ambitious experiment, namely surveying in-
land waters using cameras mounted on a squad of 
unmanned aerial vehicles (UAVs). 

To implement this experiment in the measure-
ment lab of TU Wien, we used a complete camera 
rig provided by IfP Stuttgart. The setup includes 
four cameras with lenses, an Arduino Leonardo 
and the associated cabling. The Arduino func-
tions as a controller, synchronising the cameras by 
sending an electrical trigger signal at user-defined 
intervals via a USB connection. Due to technical 
limitations, the maximum achievable frame rate 
is 1  Hz, which is the rate used for all results pre-
sented in this paper. Two cameras are positioned 
obliquely from the side to capture the water sur-
face, while the other two are positioned directly 
above to capture the water bottom. We filled an 
aquarium with water and added a layer of stones 
and photogrammetric targets (fixed in a concrete 
frame) to create a textured topography and to pro-
vide checkpoints for later assessment. In addition, 
we used an indoor fountain pump to generate a 
dynamic water surface with a regular wave pat-
tern. Setup and equipment are depicted in Fig. 1.

2.2 Preliminary steps

Calibration and geo-referencing
Before conducting the lab experiment, attention 
was given to calibration and geo-referencing. We 

Fig. 1: Left: Data acquisition set-up with multiple static cameras over a water tank. The nadir cameras deliver the bottom via multimedia photogrammetry 
whereas the oblique cameras are only used for water surface reconstruction. Right: Implementation of the experiment in the measurement lab at TU Wien
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Fig. 2: Reference model of the topography

3 Results

3.1 Processing workflow
Our work was primarily focused on the oblique 
pairs to gain information of the water surface. All ac-
quired data were put through the same processing 
workflow in Metashape composed of the following 
steps: feature detection on each image and then 
matching across the pair, alignment of cameras, 
geo-referencing with GCPs and dense matching.

The initial results of the processing pipeline ap-
plied to all pairs of oblique images showed first 
and foremost that the perfect transparency of 
water was a problem because this leads to the tie 
points being on the topography instead of the wa-
ter surface. We also observed that most of the tie 
points on the water surface were located on the 
specular reflection, meaning that higher specular 
reflection significantly increases the number of 
surface tie points. During the iteration of acquisi-
tion configurations, we have then decided to add 
turbidity in the water to get rid of the transparen-
cy. And, even though we are aware that an error is 
induced when a tie point is found on both images 
where there is specular reflection (due to lighting 
direction, camera exterior orientations and the 

Two obliquely looking cameras are positioned 
on the side and two nadir looking cameras above 
the water tank. The oblique cameras were mount-
ed on a horizontal bar supported by two tripods. 
The goal of this configuration was to identify tie 
points on the water surface using a standard Struc-
ture-from-Motion approach (Schönberger et al. 
2016). Another approach could involve using the 
specular reflections to derive the surface normal 
vectors.

For this standard setup, different scenarios were 
carried out to define the setup that would opti-
mise the number of tie points found on the water 
surface. In individual scenarios, we tested different 
heights for the oblique cameras, different levels 
of turbidity in the water, different lighting setups 
(position, intensity and subsequent specular re-
flection) and different camera parameters such as 
exposure time (3 to 9 ms, depending on the light-
ing), gamma value (1 or 1.6), gain (0 to 10 %) and 
aperture (F/1.8 or F/2).

For all scenarios, datasets of 60 frames (equiva-
lent to 1 minute) were collected with a dynamic 
water surface generated by the pump, and data-
sets of 20 frames were collected with a flat water 
surface.

Fig. 3: Profile in XZ plane of the ground truth (white), the model resulting from the four nadir 
images (magenta) and the model after refraction correction (light blue)
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the following values: 1.33, 1.335 and 1.34, but also 
different mean water heights around the average 
value of the tie points. The results are presented 
in Table 2.

The results highlight the significant impact of 
the refractive index in comparison with the mean 
water height. The third line corresponds to our wa-
ter height estimation and we can see that there is 
approximately a 1-mm difference with the ground 
truth for a change of 0.005 of the refractive index. 
On the other hand, these results also show that a 
1-mm change of the mean water height (out of 
25 cm depth) only affects the results by 2 or 3 mm, 
which is quite satisfying since the average value is 
calculated over a dispersed set of values as the wa-
ter surface is dynamic.

More importantly, this study accentuates the ne-
cessity of having a better estimation of the refrac-
tive index. Maas (2015) provides the model below 
for the refractive index:

nw = 1.338 + 4 × 10–5 (486 – λ + 0.003d + 50S – T)

with nw the refractive index of water, λ the wave-
length in nm, d the depth in m, S the salinity in % 
and T the temperature in °C. 

Using the following values: λ = 520 nm (average 
according to our panchromatic sensor sensitiv-
ity), d = 0.15 m (around half of maximum depth), 
S = 0  % (measured) and T = 22.2 °C (measured), 
our estimation of the refractive index in the lab is  
nw = 1.33575.

4 Conclusion
Our lab experiment provides an opportunity to 
study the feasibility of capturing and reconstruct-
ing the water surface by images only. Several ac-
quisition scenarios have been implemented to 
provide an extensive collection of data and give 
us the possibility to study the impact of various 
parameters to understand the optimal setup for 
our final goal of using the technique for survey-
ing rivers later on. While we neither obtained a full 
nor an accurate water surface reconstruction so 

shape of the water surface), we have also decided 
to maximise the specular reflection to try to obtain 
more tie points on the water surface.

With enough turbidity to create full opacity in 
the water column and specular reflection on the 
surface, the number of tie points on the water sur-
face jumped on average from around two to 50 tie 
points for a similar pair of images.

3.2 Estimation of mean water height
Using a configuration providing a significant 
amount of tie points on the water surface, we are 
able to retrieve the Z coordinate of these tie points, 
and the average value is therefore an estimation of 
the mean water height.

To assess this value, we use a model of the to-
pography resulting from four nadir images taken 
through a flat water surface and we use the Snel-
lius module of the OPALS software (Orientation 
and Processing of Airborne Laser Scanning data) 
developed at TU Wien (Mandlburger 2016). The 
Snellius module allows correcting the refraction ef-
fect if the refractive index of water and a 3D model 
of the water surface are given as input parameters. 
In our case, we use 1.33575 for the refractive index 
and the surface is approximated as a flat water sur-
face of height 1.8075 m as this is the parameter to 
be assessed. The choice of this specific value for 
the refractive index is detailed in section 3.3.

Fig.  3 shows a profile in the XZ plane of the 
ground truth and the models of the topography 
before and after refraction correction. To compare 
the models with the ground truth, we generate 
the subsequent digital elevation models (DEM) 
and compute the histograms of the differences 
with the DEM of the ground truth. 

The results in Table 1 highlight that we are now 
able to reconstruct the bottom topography with 
sub-millimetre accuracy compared to the refer-
ence model (dry state). This shows that the used 
technique provides a decent estimation of the 
mean water height, despite the dynamic nature of 
the water surface. 

3.3 Refractive index of water
During the processing workflow presented in sec-
tion 3.2, the refraction correction step has been 
carried out with various values for the refractive 
index as we had no direct measurement in the 
context of our lab experiment. We have tested 

Before refraction 
correction

After refraction 
correction

Mean 65.7 mm 0.7 mm

Median 66.1 mm 0.9 mm

Table 1: Differences with the ground truth of the 
topography before and after refraction  correction 
by the estimated mean water height 

Index = 1.33 Index = 1.335 Index = 1.34

Height = 1.806 m Mean =  2.3 mm
Median =  2.5 mm

Mean =  1.4 mm
Median =  1.5 mm

Mean =  0.4 mm
Median =  0.6 mm

Height = 1.807 m Mean =  2.0 mm
Median =  2.1 mm

Mean =  1.0 mm
Median =  1.2 mm

Mean =  0 mm
Median =  0.2 mm

Height = 1.8075 m Mean =  1.8 mm
Median =  2.0 mm

Mean =  0.8 mm
Median =  1.0 mm

Mean =  –0.1 mm
Median =  0.0 mm

Height = 1.808 m Mean =  1.6 mm
Median =  1.8 mm

Mean =  0.6 mm
Median =  0.8 mm

Mean =  –0.3 mm
Median =  –0.1 mm

Height = 1.809 m Mean =  1.3 mm
Median =  1.4 mm

Mean =  0.3 mm
Median =  0.5 mm

Mean =  –0.7 mm
Median =  –0.5 mm

Table 2: Assessment of the refraction correction (mean and median of differences 
with ground truth) with different refractive index and mean water height values
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tie points. Furthermore, we are also researching 
whether deep learning solutions for feature de-
scription and matching on images could be suit-
able in our case of water surface reconstruction, 
as such approaches have proven to provide many 
more tie points of high accuracy for dry and dif-
fusely reflecting surfaces. Thus, we focus more on 
the post-processing side of the problem now.

Eventually, the goal is to obtain enough surface 
points or surface parameters, like the mean wa-
ter height, wavelengths, elevation of peaks, etc., 
which could be used to formulate a mathematical 
model of the water surface. //

far, preliminary results have shown that it is pos-
sible to gain some information on the water sur-
face from oblique images, starting with the mean 
water height. We have also gained knowledge on 
the strong impact of the refractive index and the 
importance of having a proper estimation. 

The main focus of our work has been on opti-
mising the data acquisition setup to maximise 
the number of tie points that can be found on 
the water surface. However, the accuracy of these 
tie points is not optimal and further work is cur-
rently underway to assess the error due to specu-
lar reflection as well as to obtain more accurate 
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