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This pilot study on evaluation of airborne LiDAR bathymetry (ALB) in rivers 
and lakes was conducted as a national cross-sectoral collaboration study 
between The Norwegian water resources and energy directorate, The 
Norwegian mapping authority, Norwegian Environment Agency, The 
Norwegian Public Roads Administration, and Hafslund Eco Vannkraft. The 
main objectives of the project were to i) evaluate the accuracy and 
robustness of ALB technology on selected Norwegian rivers and lakes; ii) 
demonstrate selected application areas with respect to future river 
management across sectors, and iii) recommend future procurement and 
public availability of ALB data. 
A total of six master thesis, two internships, three sub reports and six 
scientific reports have been published, beside the main report. 
ALB, Rivers, Evaluation, application, Procurement. 
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The weak effect of water depth is seen by the small changes in the relationship line for 
most of the river-sensor combinations. The different slopes and deviations and with 
LiDAR data both above and below the multibeam data, suggested that the depth effect 
may to some extent stem from an offset for some of the LiDAR sensor-river data, e.g., 
Riegl VQ-880 in Hallingdalselve and Teledyne Optech in Lærdalselvi. As suggested for 
the offset measurement results for the in situ transect point data compared to remote 
sensing ALB (Leica Chiroptera 4x) data above, this offset for the multibeam versus ALB 
data may stem from LiDAR calibration issues. Also, multibeam data as typically highly 
accurate in deeper areas may become ‘noisier’ in shallower water and for sloping 
riverbed elevations due to the increasing sensor/footprint angle (above) (e.g., Hughes 
Clarke, Mayer & Wells 1996; Calder & Mayer 2003).  

Figure 21: Deviation in riverbed elevation between in situ Multibeam measurements and remote sensing ALB 
mean measurements within a 100 x 100 cm grid. The model did not include slope or lightness. The black line 
with grey credible interval indicates the INLA model result, and the blue line indicates the Gradient Boosting 
Machine model result. The red dots are a random sub-sample of 1500 datapoints for each river and sensor 
combination out of the 43 052 datapoints used in the development of the model. Outliers (deviation > 50 cm) 
were removed before running the model. 

The results from the INLA regression model suggesting only a weak negative effect on 
the deviation was confirmed by the machine learning algorithm GBM. However, the 
GBM model only explained up to 39 % of the deviation between multibeam and ALB 
data. Again, the relatively low explanatory power imply that the predictors slope, depth, 
sensor, and river have little influence on measurement accuracy, as also seen from the 
small deviations with slope close to zero in Figure 21. Therefore, further analyses of 
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measurement deviations using these procedures were not pursued. Instead, the focus 
was on the increasing data loss with increased water depths.  Overall, the results from 
the accuracy analysis indicate a general low measurement bias, and when present, the 
cause is probably due to calibration issues.  

 

Robustness of ALB, loss of data in deep pools 

Whereas water depth tended to have little effect on measurement accuracy, and 
calibration issues appeared to be more prominent, water depth had a major effect on 
the availability of ALB signals, or loss, as indicated by the Boruta analysis (Figure 22). 
The Boruta analysis, with data loss or not as a response variable, also suggested that 
‘river’ was a considerably more important predictor than sensor and slope for receiving 
a reflected ALB signal.  

Figure 22: Importance of predictors on the binary model with response ALB signal loss or not, with in situ data 
by Multibeam compared to remote sensing ALB. The index is calculated via randomization of variables in a 
Random Forest model using the R-library Boruta. 

The interpretation of the strength of the predictors is more difficult by the interaction 
terms and thus more easily interpreted when plotted for each of the different river-
sensor combinations (Figure 23). Figure 23 strongly indicates how the probability of 
receiving a ALB signal abruptly drops at a critical water depth rather specific for each 
river; around 3 m for Bøelva and 5 m for Hallingdalselve, i.e., corresponding to their 
Secchi depths (Table 1). The differences between the rivers are most easily seen for the 
Riegl VQ-880, which was used in all three rivers. Also, with data from the same river, the 
pattern of the sensors Leica Chiroptera 4x and Teledyne Optech may be compared with 
Riegl VQ-880, indicating deeper penetration. The Riegl VQ-840 only covered deeper pool 
areas in Bøelva. Here, this sensor appeared to penetrate slightly deeper that the two 
other sensors applied. The abrupt drop in probability of receiving ALB data was also 
dependent of sensor, with a somewhat wider ‘drop’ range for Teledyne Optech, which 
had the more powerful sensor, but with lower point density. In Hallingdalselve Teledyne 
Optech penetrated about 1 m deeper than the Riegl VQ-880. Lærdalselvi was, however, 
different with no abrupt ‘drop’. This reflects the fact that for the “gin clear” Lærdalselvi, 
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no pools were deep enough to estimate Secchi depth. Essentially, the bottom identified 
visible depth. For the less penetrating Riegl VQ-880 sensor, there appears to be a change 
in probability around 9 m depth. These results fit well with the more visual data 
presentation of overall data loss. 

 

Figure 23: The probability of retrieving ALB data as a function of water depth in deep pools calculated from 
binary response models with grid size 100 x 100 cm (n = 43052). The slope was kept constant at the mean for 
each river. The black line with Credible Interval indicates the INLA model results, and the blue line the Gradient 
Boosting Machine model results. The red dots are the proportions of ALB data received within groups of 4 cm 
depth for each river and sensor combination. 

 

The combined effects of the three rivers and four sensors on the probability of receiving 
an ALB return signal, summarized in the ALE-plot (Accumulated Local Effects) from the 
GBM algorithm (Figure 24) clearly indicates the threshold depths around 2-3 and 5-6 m 
for receiving a return signal (lower left panel). Slope does not seem to influence this 
probability much. The influence on receiving a signal was lowest in Bøelva and highest 
in Lærdalselvi, whereas the effect of sensor is more marginal. The result underlines the 
importance of the water visibility (water color/TOC) on the robustness of ALB signals. 
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Figure 24: The influence of the predictors on the probability of receiving at ALB return signal or not in the binary 
Gradient Boosting Machine model. Grid cell size was 100 x 100 cm, n = 44 000, and the GBM R2 = 94.4 %. The 
Accumulated Local Effects (ALE) values indicate how predictors influence the predictions of a machine learning 
model on average, including interactions. For name abbreviations, see table 2. 

To explore further the potential effects of higher resolution and water depth, the 
analyses were also run for grid size 25 x 25 cm. To balance effort and output and focus 
on the deepest areas with the largest potential for ALB data loss, these analyses used 
data from the deepest pool in each river. A 10 000 data point randomized sub-sample 
was extracted for each sensor.  As expected, the higher resolution and the deepest pool 
areas increased the probability of data loss, especially for the Teledyne Optech sensor. 
With the 25 cm grid, the probability of retrieving ALB data with this sensor, was less than 
50 %. However, this reduced probability was more related to riverbed elevation point 
density than water depth. With the 25 cm grid size, many cells did not have points at all.  

The loss of ALB data points and reduced point density, i.e., the reduced number of 
points classified as riverbed and total number of points reflected, was as expected 
largest in Bøelva and smallest in Lærdalselvi (Table 9). The larger loss per unit area 
relative to number of points, was caused by the increase in ‘empty’ grid cells, i.e., 
without any LiDAR data.  
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Table 9: Point density (per m2) and loss of data for 100 cm grid cells compared to 25 cm grid cells. Data only 
from the deepest pond in each river. 

 Point density (per m2) % loss 100 cm % loss 25 cm  

River/Sensor Multi-
beam 

All 
reflected   

River 
bottom¹ 

% loss Media
n 

Inter-
polated 

Median Inter-
polate

d 

Bøelva         

Riegl VQ-880 220 20.8 1.1 94.9 70 61.5 79 73 

Leica 
Chiroptera 
4x 

 11.8 0.2 67.2 66 51.7 88 70 

Riegl VQ-840   77.0 1.5 79.0 52 43.3   

Hallingdalselve         

Riegl VQ-880 104 75.6 2.5 96.8 43 36.6 54 45 

Teledyne 
Optech 

 22.6 0.4 81.7 5 2.0 64 6 

Lærdalselvi         

Riegl VQ-880 177 18.1 5.4 71.2 2 0.8 14 3 

Teledyne 
Optech 

 1.9 0.4 74.7 2 0.0 66 5 

¹ Classified as river bottom 

 

A set of GBM models were used to sum up the effects of different predictors and 
interpolation on the power and accuracy in estimating correct fate of ALB signals (Table 
10). Removing variables and running new models emphasize the opportunities to 
substitute a variable for another, in contrast to the ALE which focus on the influence of 
variables in a particular model.  
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Table 10: Robustness of alternative GBM models in predicting the availability of ALB data in grid cells of 100, 25 
cm, and 25 cm interpolated grid. Models are sorted by their accuracy value in the first column. The proportions 
of grid cells with LiDAR data received will be the expected accuracy for a random model. The reduced ‘success’ 
in a 25 cm grid size was primarily due to fewer points classified as river bottom.  

  Robustness¹ 

Variables 
100 cm 
median 

25 cm 
median 

25 cm 
interpolated 

Expected accuracy from the proportion 78% 50% 76% 

River + Sensor +Depth + Slope  94 % 82 % 93 % 

River + Sensor +Depth  94 % 82 % 93 % 

River + Depth 93 % 72 % 93 % 

Sensor + Depth 86 % 74 % 85 % 

Depth 83 % 65 % 81 % 

River + Sensor 79 % 72 % 77 % 

River 78 % 61 % 76 % 

Sensor 78 % 68 % 76 % 

¹ The robustness is measured as the mean of the accuracy of the GBM models estimated 
from 10-fold cross validation repeated 3 times. 

 

The achieve high predictive power for a 100 cm grid, the variable water depth was 
included in all models. With also predictor river added, a proxy for some properties of 
the studied river reaches, notably water clarity, the accuracy was almost as high as for 
the most complex model with all four tested predictors included. Thus, adding sensor 
did not contribute much to the accuracy. Interestingly, the conspicuous decline in 
accuracy seen with the higher 25 cm grid resolution was almost perfectly ameliorated 
when implementing interpolation. The accuracy of 94% achieved with four predictors 
is strong, even when the expected accuracy by chance alone was 78%. The Kappa value, 
which better reflect the accuracy when the proportion of signal/not signal is different, 
as here, was as high as 0.83 (not shown).  

Above results indicate a high probability of estimating the success of using ALB 
correctly, provided knowledge about river-specific characteristics, i.e., depths and 
(presumably) water clarity. To some degree sensors may also be important.  

 

Robustness of ALB, the effect of turbulence and dark river bottom 

Analyses using the RGB-derived Lightness index as a proxy for surface turbidity (‘white 
water’) and the light and dark riverbeds in the clear and high-gradient Lærdalselvi, 
indicated loss of ALB signals associated with the lightness index (Figure 25). The 
probability of retrieving ALB data was highest within the medium-to-low lightness 
range, with a gradual decline towards high lightness (60-70; i.e., white water), and a 
more abrupt decline towards the lowest lightness values (< 20; i.e., dark, vegetated 



 

 62 

bottom). This did, however, depend strongly on ALB point density, with much lower loss 
for the high point density LiDAR (Riegl VQ880).  

The dark areas, with lightness index mostly less than 30, correspond to dark vegetated 
riverbeds. The medium light reflection came from the lighter and more common 
riverbed type prevalent in Lærdalselvi, mostly covered with rock or gravel substrates 
with no vegetation. 

Figure 25: Probability of retrieving ALB data as a function of lightness estimated from a generalized additive 
model (GAM). The lightness is calculated from the green channel of the aerial photos taken simultaneously with 
the ALB data and scaled to the range 1-100. The lines represent probability with (blue) and without (red) 
interpolation. The interpolation is restricted to 1 meter from nearest ALB point. The red dots represent the 
percentage of grid cells with data for every 5 units interval of lightness values. The grey lines at the bottom of 
each figure represents the lightness range for the 10-90% percentile range of the typical three bottom conditions 
classified from the aerial photos. The brown lines show the lightness range of dark vegetated areas, the grey 
lines show the lightness range of light rocky bottom, and the white lines the lightness range of areas with 
turbulent surface water. The numbers above the lines are the percentage coverage of each area class in the 
studied river reaches. 

With lightness index values rising above 50-60, the river surface was increasingly 
dominated by white, turbulent water. This general pattern of the relationship between 
the probability of retrieving data and the lightness index (Figure 25) remained similar 
even when other recent orthophotos derived from https://www.norgeibilder.no/ (and 
not taken simultaneously with the LiDAR recordings) were used to derive the lightness 
index (Appendix 10, 11 in sub report by USN).  

The importance of point density for retrieving ALB data especially from turbulent river 
reaches, was reflected in the comparisons of results from both sensors and from grid 
cells of 25 and 100 cm (Figure 25). There was a more significant drop in the probability 
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of retrieving ALB signals from the lighter riverbed type for the Teledyne Optech CZMIL 
compared to Riegl VQ-880 (with higher point density), and especially when the grid size 
was reduced from 100 to 25 cm.  

On a cautionary note, the higher signal probability seen in general for the Riegl VQ-880, 
is not only an effect of the signal density of the sensor, but also to the adaptive flight 
pattern for this sensor, with repeated flightlines. The Riegl VQ-880 has approximately 13 
times higher point density than the Teledyne Optech CZMIL, but this difference 
increased to nearly 40 times for the data, due to the adaptive, and thereby overlapping, 
flight strategy.  

The importance of point density is also seen when LiDAR points are interpolated (i.e., 
restricted to approximately 1 meter from the nearest LiDAR point using a moving 
window of 3x3 cells for 1 meter grid and 7 x 7 for 25 cm grid). Even with interpolation 
across such small distances, the probability of having ALB data increases dramatically, 
and especially for areas with high surface turbulence (Figure 25). Increasing cell area 
provides more data points, and spots where the bottom can be ‘seen’ become more 
likely.  

This association with spatial scale, reflects that ‘white water’ is not uniformly white due 
to turbulence, but a micro-mosaic of varying ‘whiteness’, i.e., degree of surface 
turbulence. Even apparently ‘white water’ has small cells with smoother water surface 
that high-density ALB sensors can hit and penetrate. Data loss reflects a balance 
between water ‘whiteness’ and ALB point density. An adaptive flight strategy with 
several overflights further enhances this ‘smooth-surface-hit’ probability. With 
repeated flightlines the angles the ALB pulses hit the water surface will also differ. 
Moreover, turbulent surface water is dynamic, and new flight might hit a new micro-
mosaic providing different smooth-surface hits. 

 

Robustness of ALB:  Total coverage of ALB for the studied river reaches 

The combined effects of water depth, water visibility, riverbed lightness and water 
surface turbulence are reflected in the total coverage of ALB data for the studied river 
reaches (Table 11). Loss of data is generally low, primarily depending on the combined 
ALB pulse power and river water clarity (Secchi depth), and pulse/data density. 
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Table 11: Loss of ALB data for the studied river reaches. 

Sensor River Area 100 cm loss 25 cm loss  

(ha) Direct 

(%) 

Interpolated* 
(%) 

Direct 

(%) 

Interpolate
d 

(%) 

Riegl VQ-880 Bøelva 29.7 7.
2 

5.0 1
9.6 

6.
3 

Leica Chiroptera 4x Bøelva 29.7 1
6.1 

8.3 6
1.2 

1
2.5 

Riegl VQ-880 Hallingdalselv
e 

82.9 1
3.4 

11.2 2
2.6 

1
2.4 

Teledyne Optech 
CZMIL 

Hallingdalselv
e 

83.2 1
1.1 

7.5 7
1.7 

9.
6 

Riegl VQ-880 Lærdalselvi 58.7 0.
4 

0.1 8.
3 

0.
2 

Teledyne Optech 
CZMIL 

Lærdalselvi 58.8 4.
1 

0.6 6
6.8 

2.
4 

In Lærdalselvi, with very clear water, coverage was almost complete with a grid size of 
100 cm. For the high-point-density Rigel VQ-880, flown with an adaptive flightline 
strategy, the reduced coverage at 25 cm was relatively small, compared to the lower-
point-density Teledyne Optech CZMIL, flown with only small overlap between 
flightlines. However, the small distance interpolation brought the CZMIL coverage close 
to the Riegl VQ-880.  

In Hallingdalselve, with water visibility intermediate between Lærdalselvi and Bøelva, 
the percentage covered of the river was less than in Lærdalselvi. This is due to lower 
water visibility, but also to the combination of visibility and more deeper areas (Table 
1). Here the Teledyne Optech CZMIL, with higher power pulses, covered the deeper river 
areas better, and therefore achieved a higher total coverage (Figure 26).  In Bøelva 
The Riegl VQ-880 and Leica Chiroptera 4x showed the same pattern as between Riegl 
VQ-880 and Teledyne Optech CZMIL in Lærdalselvi. 
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Figure 26: Total coverage for the one meter grid size (green) for the rivers Bøelva and Hallingdalselve. 

4.1.2 WP 1.1 Validation part II: Applying cloud compare 

The median residuals between validation (multibeam and TLS) data and ALB data in 
Lærdalselvi was perceived low ranging from -0,13 m to 0,13 m demonstrating an overall 
good correspondence between the selected ALB sensors for both point cloud 
comparison and raster comparison (Table 12). 
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4.1.3 Flood risk analysis and mitigation. 

Comparing inundated area of red topographic LiDAR, river transects and ALB. 

Results based on eleven river case studies demonstrate that the topographic LiDAR 
geometry overestimates the flooded areas significantly, 10-80% (Figure 30). Further, 
analysis show that overestimation is reduced with increasing return period for most 
river, however, still for both the 200 and 500-year flood the overestimation is significant.  

Figure 30: Panel a and b show inundated areas in the river Gaula, Trøndelag applying topographic  (red color) 
and bathymetric LiDAR (green). In panel C the normalized error in inundation using the topographic LiDAR 
bathymetry as a function of the flood return period. Reference: Master thesis NTNU, Adawalla, 2021.  

Results indicate that running flood simulations for different frequency floods based on 
topographic LiDAR, i.e., eliminating the sub surface geometry at the time of flight, 
should be avoided. Corrections of the river bathymetry should therefore always be 
carried out, or based on the findings, preferably collect geometry using a bathymetric 
LiDAR. 

Comparing transect and ALB based hydrodynamic flood modelling for different 
frequency floods showed the opposite results than with the red topographic LiDAR. The 
evaluated test study in lower Lærdal applying transect based model for modelling 
dimensional flood (200 years) underestimated inundated area by approximately 30% 
compared with the ALB approach. The reason for the underestimation is probably due 
to artificial removal of in-stream structures as islands and shallow areas due to 
interpolation between transects. Figure 31 and Figure 32 illustrate the comparing 
results between red topographic LiDAR, ALB and transect based approach in flood 
modelling in Lærdalselvi as case study.  
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Figure 31: Comparing flooded area between red topographic LiDAR, ALB and transect based hydrodynamic 

models in Lærdalselvi as example. Calibration is set equal. 

Results from the regional and local method based on satellite imagery (Legleiter et al. 
2004; Sundt et al. 2021) show that the approach may significantly reduce the error in 
estimated inundated areas compared to the model based on only topographic red 
LiDAR. The regional method led to an underestimation of 6 – 21% over the range of 
return periods from mean annual flood to 200-year flood, whereas the locally derived 
method overestimated the flooded area with 8 – 9% for the same floods. That the local 
data method performs better than the regional model, could potentially be related to 
the clarity of water in Lærdalselvi compared to the rivers Surna, Gaula, Nea and Lågen 
which was used in the derivation of the method. For further detail on the comparison of 
bathymetric and topographic LiDAR for flood mapping, see the paper by Adawalla et al. 
(2022). 

Figure 32: Comparison of simulation of flooded areas for a reach of Lærdalselvi. Green and red areas represent 
bathymetric and topographic LiDAR simulations, respectively (Adawalla et al. 2020). The yellow area is the 
simulation with regionally derived bathymetry from aerial imagery, and the blue area locally derived bathymetry 
from aerial imagery (Wesene, 2022). 
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Implementing NBS in an ALB based approach in Lærdalselvi.  

The case study implementing and evaluating nature-based solutions (NBS) as part of 
flood mitigation study (200-year flood with climate factor) in the lower Lærdalselvi 
indicates that based on the alternative scenarios a few houses are additionally saved 
for the dimensional flood discharge compared to transect based flood modelling 
approach. Thus, the capacity of the additional measures is too low to cause significant 
cost-benefit improvement for the village of Lærdal. This addresses the various 
evaluated NBS actions (i) lowering of the overbank area, (ii) increase of discharge 
capacity of the overspill area and (iii) a flood tunnel. Figure 33 shows the comparison of 
modelling results as presented for the present state and the modified bathymetry of the 
downstream Lærdalselvi, including circles that signify houses that are protected when 
implementing NBS.  

Figure 33: Comparing the two different scenarios for a 200-year flood in Lærdal, present situation and modified 
bathymetry. 

The further improvements of the NBS for flood in Lærdal centre are shown in Figure 34. 
These are 1) A levee/flood wall which is moved as far from the river as possible (back 
drawn flood protection wall), 2) increased cross sections by reopening historical flood- 
and side channels, 3) a flood tunnel, if the other measures are not sufficient, and 4) 
terrain adjustments to increase the cross- section during flood events.  

The measures focus on restoring parts of the historical situation in the estuary. On the 
aerial picture from 1979, some of the historical features are still visible (Figure 34). The 
tested adaptions follow historical channels and would restore some of the estuary 
character of the river stretch. For best ecological benefit, the flood channels should be 
designed as permanently wetted side-channels. The channel on the right bank can also 
be designed as exclusively being wetted with large floods. This way, the area can be 
used agriculturally and will locally get more acceptance. 

Modifications could be integrated into the existing model based on ALB and LiDAR 
without additional surveying needed. The high resolution and accuracy give reliable 
results for flood safety planning, at the same time, ecological effects and benefits can 
be derived from the modelling results. By overlaying the different scenarios and 
tweaking their dimensions, integrative solutions can be quickly iterated. A mass 
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estimation for both side channels (64,000 m3 right riverbank channel, 49,000 m3 left river 
bank channel) could be quickly calculated from the DEM. 

The first iteration revealed that the input scenario was under-dimensioned, and that the 
left bank side-channel, the right bank flood tunnel, or both need to have larger 
dimensions. Also, adaptions to the flood levees are necessary. While the first trial did 
not provide sufficient flood protection, the case highlights the potential for testing out 
scenarios and demonstrates how easily adaptions can be integrated into an ALB-based 
model. 

Compared to plans of the authorities for Lærdalselvi which include channelization and 
dredging of the river bottom in the same river stretch (see Ana et al., 2021), this scenario 
would provide a more sustainable flood safety situation without the need of re-dredging 
after larger floods, and at the same time restore river habitat. This study shows that 
novel technical developments like ALB can be used to design nature-based solutions 
with benefits for ecology and flood safety. Additionally, precise mass-estimation of 
planned measures is possible without need for additional surveying. 

Figure 34: Overview over assessed measures around Lærdal based on historical orthophoto from 1979. 

4.1.4 Erosion risk and sediment transport 

Implementing nature-based solutions (NBS) in lower Lærdalselvi flood protection 
action 

Considering the case study in lower Lærdalselvi and evaluation of erosion risk in NBES 
implemented flood mitigation action Figure 35 present an overview of calculated 
erosion risk given as Froude numbers along the reach of interest. Red filled circles 
identify high erosion risk along the river margin that should be addressed. Further, 
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Figure 36 presents the two hydraulic parameters, flow velocity (ms-1) and Froude 
number (-) for the various hydro-morphological stretches. It can be clearly seen that the 
modified river stretches with artificial channel banks exhibit partially super-critical flow 
(Froude nb. > 1) along their entire longitudinal profile. This, however, is different for the 
near natural morphological part (which can be also references as a role model for NBS). 
Here, the Froude number, even for this extraordinary flood event is < 1 (sub-critical 
flow). This means, that the artificial channel exhibits many points were scouring might 
be a risk or the local hydraulic jump formation which might lead to a weaken up of the 
embankment structure and further a large-scale failure, as an initial point for probably 
channel avulsion in mainly alluvial river basins like Lærdalselvi. The boundary 
conditions according to the ALB-based classification of the river substratum and 
channel morphology and the findings of Hauer et al., (2021) support the theory that 
channel avulsion is more likely in the lower part of Lærdalselvi than compared to an 
erosional corridor formation. 

The added value of ALB concerning this kind of ́ erosional risk analysis´ is a very precise 
identification of locations where super-critical flow might occur. Such very small spots 
(which are well known at bridges or downstream if weirs) can now be identified along 
the entire river corridor or in overbank areas. For example, supercritical flow was 
calculated along a local drainage ditch. This ditch was also discussed as a potential line 
for setting up flood walls in this specific part of Lærdalselvi protecting houses against 
flooding. An identification of super-critical flow conditions and related possible 
scouring processes, however, indicates that such areas need further detailed studies if 
they can be used as line for flood protection measures. The risk of erosion and scouring 
along permanent dike structures must be avoided.  

 

Figure 35: Overview of the detailed section with orthophoto and Froude numbers as indication of erosion risk 
based on hydrodynamic modelling with ALB. 
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Figure 36: Evaluation of the hydrodynamic modelling (Froude number and flow velocity) in detailed section (i): 
(a) stretch 1, (b) stretch (2), (c) stretch (3).

ALB data as basis for automatic roughness calculation and rivers classification  

Considering automatic calculation of roughness variability (Δh) and thus river 
classification according to Hauer & Pulg (2018) the ALB data collected in this study was 
not suitable. Data collected in field were significantly different from data calculated 
from ALB data. This result was also tested applying UAV (drone RTK) and conducted in 
both rivers Lærdalselvi and Bøelva. The Δ h values from the remotely sensed data lie 
well below the Δ h values that were measured in the field. The mean values from the 
field measurements in e.g. Lærdalselvi exceed those from the remotely sensed data by 
factors from 2.21-4.26 (UAV), 1.40-4.06 (ALB 25 cm), and 2.40-6.50 (ALB 5 cm) (Figure 37). 
In Bøelva mean Δ h values from the field measurements were higher than those that 
were derived from the remotely sensed data (ALB 5 cm: higher Δ h mean values by a 
factor of 1.16-3.03, ALB 25 cm: factors of 0.97-2.32). 

The key message of these comparisons is, that the Δh values that were obtained from 
the remotely sensed data sets (ALB and UAV) do not match the Δ h values that were 
measured in the field along the same cross-section. Remote sensing can therefore not 
be regarded as an alternative for data acquisition regarding automatic roughness 
calculation and further river classification according to Hauer & Pulg (2018), 
neither from a transect based approach nor from a meso unit perspective. 
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Figure 37: Lærdalselvi: Boxplots of the roughness variability (Δ h values) from the field measurements, UAV, 
and ALB raster data (5 and 25 cm). 

Application of ALB for bathymetric changes between flood events 

Considering the “Application of ALB Data for Erosion and Sediment budget based on 
repeated ALB surveys” Figure 38 illustrate an example of sediment and erosion 
processes between two consecutive flights 2018 vs 2021 (AHM). Purple and brown 
shades identify erosion and deposition, respectively. The results demonstrate the 
applicability of using ALB as a basis for quantifying sediment changes on a holistic scale, 
here in Lærdalselvi.  
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Figure 38: Differential plot highlighting bathymetric changes for the lower part of Lærdalselvi. Red circles identify 
scouring. Source: Adawalla, M.; Master thesis, 2021; NTNU. 

In another study two consecutive ALB (Riegl 880) mapping surveys with fixed wing in 
Tokkeåi before and after a 25–30-year (2015/2016) flood were conducted. Tokkeåi is 
regulated for hydropower. Like the case Lærdalselvi a differential plot highlighting 
bathymetric changes were visualized and quantified (Figure 39). In addition, long term 
monitoring of spawning areas from genetically unique large brown trout were 
implemented into the differential plot. Interestingly, historical spawning areas were 
aligned in areas that exhibit close to stable conditions with only minor changes in 
sedimentation and erosion. Thus, the combination of monitoring bathymetric changes 
and spawning areas of key species can be a valuable and important cross sectoral tool 
for future river management. 
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Figure 39: Differential plot highlighting bathymetric changes after a large flood (425 m3/s) in Tokkeåi, Norway 
2015/2016. Source: M. Stickler). 

In conclusion, three main aspects of such high-quality analysis of sediment-erosion 
budget could be highlighted:  

• Local scouring can be identified. Such scouring may not cause a specific risk for 
a single flood event. However, if such places exhibit erosion tendencies which
can be observed over a certain period, such local changes may be the starting
point for construction failure of (i) bridge piers (Ettema, 1980) or (ii) bank
protection (Przedwojski, 1995)

• Local aggradation, like the evolvement of gravel bars. Aggradations are part of
a self-forming equilibrium status of rivers (e.g., Nanson & Huang, 2018) which
will be partially eroded or re-arranged with future high flows. Continuous
aggradation on the local scale (especially in combination with vegetation
growth) will lead to a reduced discharge capacity of the active channel and thus 
to an increased risk of local inundation of nearby overbank areas (Wood &
Armitage, 1999).

River reaches which are well known, that sediments are always deposited, like in delta 
areas, the differential plots can be used to determine the quantity of transported bed 
load material. Applying the differential analysis of two consecutive, DEMs are the 
simplest form of direct bed-load measurements (Wheaton et al. 2010).  

Application of ALB for evaluating erosion risk in quick clay zones 

Results from evaluation of erosion risk in a pre-selected quick clay zone in lower 
Glomma showed a median erosion activity of 12 cm. Maximum erosion activity was 
detected just south of Hannestad båthavn by 1,8 m (red), whereas south-west of 
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hannestad båthavn a sedimentation rate of 1 m was detected (blue). A specific erosion 
risk area was also evaluated due to hypothesis of high erosion activity in a quick clay 
poin, but with only limited changes (2 cm). The analysis and- methods applied in this 
test case demonstrate that applying ALB in quick clay zones for monitoring and 
quantitatively evaluate erosion risk can be a highly valuable, important and risk based 
approach.  

Figure 40: Residual plot of changes in bathymetry in quick clay zone between 2004 and 2021.  

In conclusion, the application of ALB in determining river morphodynamics and 
sedimentation/erosion risk analysis is an important added value (see also to 
Mandlburger et al., 2015). The application, however, would be most beneficial on rivers 
were the channel substratum is based on fluvial transported and deposited sediments 
as we experience in e.g., Lærdalselvi (see Hauer & Pulg, 2018). 

4.1.5 River restoration 

Figure 41 shows the modifications in weir removal within the established DEM based on 
ALB data. Applying high density ALB data as basis enables a target river restoration with 
high accuracy planning and evaluation, thus improving the cost-benefit significantly. 

Figure 41: The Molde reach of Lærdalselvi with existing weirs (a), and weirs removed in the hydrodynamic 
model (b). 
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Quantitative analysis of changes in water covered area with and without weirs are 
shown in Figure 42. Results demonstrate only moderate changes, predominantly for the 
low flow scenarios. With increasing flow, the changes in water covered area is reduced. 
Compared to previous studies of weir removal (e.g. Fjeldstad et al. 2012), this is a 
somewhat surprising result and show that Lærdalselvi has relatively steep banks with 
few large and flat gravel bars where we would see a large reduction in water covered 
areas when the downstream water level is reduced. 

 

Figure 42: Water covered area with (black) and without (yellow) weirs. The green curve shows the changes in 
water covered area. Only areas in the weir basins are included in these analyses. 

Detailed analyses of changes in water depth, water velocity and potential mobilization 
of sediments (Shields formula) in one selected weir removal case (Grønnebank, 
Lærdalselvi) demonstrate a decrease in water depth (Figure 43) and increase in velocity 
for the lowest flows but reduced with increasing flow levels. Around the weir, larger 
changes with deeper and faster water across the old weir crest and shallower water 
immediately downstream of the weir are observed. Regarding mobilization of 
sediments after weir removal the results indicate small changes after weir removal on 
all evaluated flow scenarios (Figure 44). 

In river restoration planning considering weir removal a detailed DEM of the river is 
crucial for the results. Thus, availability of ALB data with high point density is important. 
The detailed resolution of the weir in the DEM makes weir adjustments or removal 
easier and more accurate compared to working on data with less spatial detail. Current 
weirs in Lærdalselvi are not easy to measure due to the high-water velocity over the 
crest and the deep and turbulent areas downstream. Thus, the bathymetric LiDAR 
demonstrate a clear advantage over conventional tools, particularly when it comes to 
the time needed for collecting the geometry data for the weir removal. In practice, it 
would not be feasible to measure the weirs in Lærdalselvi with such detail ALB provide 
with other instruments than the bathymetric LiDAR. With referral to the previous 
discussion on LiDAR accuracy over the weirs, our scattered GNSS measurements of the 
crest and in the areas downstream shows reasonably good correspondence with the 
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LiDAR data. For more information on the weir removal, see Alfredsen and Adawalla et 
al. (2022). 

 

Figure 43: Changes in water depth at Grønnebank after weir removal. A positive value (blue color) means 
reduction after while a red value shows an increase. 

Figure 44: Possible mobilization of sediments with and without weirs for the Hauge – Eri reach with a discharge 
of 270 m3/s, equivalent to the mean flood. 

 

4.1.6 Environmental flow in regulated rivers 

In this sub work package, we present results of application of hydraulic modelling 
combined with bathymetric LiDAR geometries for a variety of applications within 



 

 82 

modelling river environments; i) Simulation of water covered areas and linkages to 
ecological assessment; ii) hydropeaking, and iii) automatic meso habitat classification. 

Simulation of water covered areas and linkages to ecological assessment 

Figure 45 shows the total dried out area for the entire river reach. In addition, spatial 
maps of the water covered areas can be made (Figure 46). This gives information of the 
spatial distribution of the water covered areas and we can identify which parts of the 
river that is mostly affected when discharge changes. Based on maps as shown in Figure 
46, we could therefore pinpoint critical areas and decide on mitigation measures that 
addresses these areas specifically. Combining the simulated water covered areas with 
discharge data, we could also develop yearly or seasonal duration curves of wetted 
areas to target specific life stages or function of habitats in designing environmental 
flows (Forseth and Harby 2014). Building this analysis on a LiDAR based bathymetry 
provides more reliable modelling and less extrapolation of data that what is the case in 
a cross-section-based geometry, or a geometry based on more scattered measurement 
as a basis for the DEM used in the modelling. 

 

Figure 45: Water covered area and reduction in water covered area in Lærdalselvi. 
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Figure 46: Example of visualized water covered areas for discharges of 10 m3/s, 50 m3/s and 120 m3/s in 
Lærdalselvi. 

Looking at the center of the map in Figure 47 there is a side channel that is water 
covered at a discharge of 50 m3/s, but not at 10 m3/s (this can also be seen in Figure 47). 
Rehabilitation of side channels could be a way to secure more rearing habitat for 
juveniles, but from the results in this analysis structural measures are needed to secure 
water flow in this side channel. This could be a culvert draining water into the side 
channel or by building a channel linking the main river to the side channel which would 
ensure a water covered area also during low flow. In the detailed geometry available in 
Lærdal, this link could be designed in the hydraulic model and simulations could be 
made to test the functionality at low flow. 

Further, the simulated water levels can be combined with spatially explicit biological 
data as spawning sites (similar to chapter 4.1.4 on sediment changes and spawning 
areas from large brown trout), and areas providing high quality shelter for rearing 
juveniles. An example of combining low flow conditions with spawning habitat for 
Atlantic salmon in Lærdalselvi is shown in Figure 47. Here, we can see that for the 
potential minimum flow of 10 m3/s the observed spawning areas from Atlantic salmon 
are water covered, thus preventing potential egg- and alevin (juvenile salmon) 
mortality. The approach of analyzing potential flow effects of drying of spawning sites 
can be extended to also look at the water covered areas during the spawning season to 
identify if the areas available for spawning is dried out later in the season when the egg 
develops and hatches. Bustos et al. (2019) used a quasi2D hydraulic modelling 
approach combined with the IB-Salmon population model to look for dewatering of 
spawning sites in the river Ljungan in Sweden. The base geometry of the example 
Ljungan was collected using the Riegl-VQ880 and gap filled with a Sontek M9 
HydroSurveyour providing a detailed DEM for the entire salmon carrying length of the 
river. Salmon redds were mapped by diving by NORCE-LFI, and potential redd sites were 
added to the simulation to look at effects of improving spawning areas. A similar study 
related to spawning areas and low flows can be found in Skeie (2016) who analyzed 
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minimum flow requirement for large brown trout in Tokkeåi as part of revision of 
concessions for the existing hydropower license. 

Figure 47: Overlap between spawning areas and water covered area for discharges of 10 and 20 m3/s in the 
lower reaches of Lærdalselvi. Spawning sites from diving surveys carried out by NORCE-LFI (Bustos et al. 
2020). 

Hydropeaking 

An example of a shutdown wave propagation is shown in Figure 48. Here, a 2D hydraulic 
model was used to simulate a drop in discharge from 40 to 10 m3/s. The hydrograph for 
every 50 meters was sampled and computed the ramping rate and drying rate in that 
section. From the figure we see the gradually dampening of the wave as it propagates 
down the river. The corresponding ramping rate is shown in Figure 49, and illustrates 
how the dampening reduces the ramping rate as we move downstream in the river. This 
is important information in the determining how long river reaches are affected by 
peaking and where we need to implement mitigation measures. According to Bakken et 
al. (2021) a limiting ramping rate between moderate and large impacts is 13 cm/
hour, and based on the data presented in Figure 49 we can find this limit from the data 
to set the part of the river with the majority of impacts. 
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Figure 48: Propagation of shutdown wave through a river reach. The number of each plot shows the section in 
the river where the wave is sampled, section 0 is a the top of the river (Tekle 2021). 

Figure 49: The evolution of the ramping rate in cm/minute as a function of the distance from the outlet (Tekle 
2021). 

Further, using the spatial detail in the bathymetry the locations of stranding areas can 
be found from the modelling results. Juarez et al. (2019) used a detailed bathymetry 
(Riegl VQ880) and the HEC-RAS 2D hydraulic simulation software to evaluate impacts of 
peaking from Hol1 power plant in Storåne. A drop from 66 to 6 m3/s in five minutes was 
used for the baseline simulations. The dried-out areas after the stop are seen in Figure 
51. To try to mitigate the rapid ramping rate in the dried-out area, mitigated operation
was proposed. The turbines should shut slowly for 25 minutes until it reaches the
operational limitation where it had to shut down completely. The two scenarios are
shown in Figure 51 where scenario A10 is the current operation with direct shutdown in
5 minutes and B10 represent a reduction from 15 to 6 m3/s in 25 minutes and then the
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remaining 6 m3/s in 5 minutes. This reduces the severity of the ramping rate during the 
period with slow shutdown and reduces the areas with potential high stranding. 

For evaluation of effects of hydropeaking a detailed DEM is very important. In traditional 
cross-section-based models, many cross sections are needed to describe river features 
(Casas-Mulet et al. 2014), and this restrict the use of modelling for long river reaches. So, 
for long river reaches, there will still be a need for interpolation between the cross 
sections to find the stranding areas, which will cause considerable uncertainty in the 
results. The highest density data from the ALB could also provide details that are not yet 
exploited in stranding studies such as an indication of substrate size and potential for 
detection of ponds on the dried-out areas when the water is receding. It is also an 
excellent foundation for structural measures in cases where mitigation through flow 
changes is not possible. 

 

Figure 50: Stranding areas for brown trout around Mørkaøyne in Storåne. Blue dot marks observed stranding 
areas for trout (Juarez et al. 2019). 

 

Figure 51: Dewatering rate(cm/hour) for the current scenario (A10) and a dampened scenario (B10) at 
Ellingøyne site in Storåne. Dark blue shows the wetted area at low flow, while the colours show the ramping rate 
at shutdown for the dewatered areas. The lower left graph shows the two shutdown scenarios. White markers 
show observed stranding sites (Juarez et al. 2019). 
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Also, in previous study (Skeie, 2017) calculation of environmental flow was conducted 
as part of the re-licensing of existing concession of terms for a hydropower regulated 
river, Tokkeåi (Figure 52). Here, ALB was vital to detailly calculate and model 
environmental important in-stream variables of different flow levels. The result of this 
work acted as a central basis for the governmental decision in the discussion on “how 
much water is needed” for the local population of large brown trout.  

Figure 52: Calculation of different flow scenarios (x-axis) related to water covered area (y-axis) and stranding 
risk areas (second Y-axis) for large brown trout in Tokkeåi (Skeie, 2017).  

 

4.1.7 Comparing drone-RTK with ALB. 

Comparison between drone-RTK and ALB data demonstrated an underestimation of 
drone-RTK, thus drone-RTK calculates a higher riverbed elevation compared to ALB (see 
Figure 53 as example from Bøelva). In practice this leads to a decreased water/flood 
capacity. Also, reflectance in the water surface caused serious errors in z-level 
coordinates (riverbed elevation, see NORCE report for details). In particular, the error 
from drone-RTK was significant below 1 m water depth. Figure 54 shows a boxplot for 
0.2 m binned water depths created to illustrate linear increase in Z-error due to 
refraction. Median Z-error was 0.02 m (SD 0.15 m) at 0 m water depth, 0.34 m (0.2 m SD) 
at 1 m, 0.76 m (0.39 m SD) at 2 m and 1.33 m (0.63 m SD) at 3 m. Maximum error recorded 
as six meter in difference. The median error is linear up to a depth of ca. 3m, however, 
there is a large standard deviation. 
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Figure 53: Longitudinal profile of Lærdalselvi. Water surface in blue, Thalweg from AHM ALB in black, Thalweg 
from RTK UAV in orange. UAV underestimates the riverbed, i.e. calculates an artificial higher river bed 
compared to ALB. 

 

 

Figure 54: Boxplots of Z- error in 0.2 m water depth bins.  
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4.1.8 How many ALB points do we need? 

The question of how many points per unit area is a question of cost-benefit according 
to the objectives of ALB use. Results show that PD0.01 has the highest mean error and 
the largest standard deviation, and a slightly lower Manning n for the reach. Still, the 
calibration is considered good for all the selected geometries. We do also assume that 
using variable Manning numbers over the reach could further improve the calibration, 
but this has not been a priority in this study. We do observe that the calibration process 
requires less effort for the bathymetries with most details. 

Figure 55: Inundation maps for Storåne for the 200-year flood, left panel (PD16) 16 points per m2 bathymetry, 
right panel (PD0.01) 0.01 points per m2. 

The inundation maps for the 16 and 0.01 points per m2 bathymetry is shown in Figure 
55. The inundation maps are relatively similar, but a direct comparison of the raster’s 
show deviations in selected locations and a few differences in predicted depths. To 
further investigate the differences, the changes in inundation was classified by depth 
(Figure 56).   

 

Figure 56: Differences in inundation divided in depth intervals for the 200-year flood in Storåne. 

In the classification we measure differences related to the simulation with PD16, 
assuming this to be the baseline simulation. We see minor differences for point densities 
up to 0.4 points per m2, but then the deviations increase reaching the coarsest geometry 
(Figure 56).  
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Furthermore, hydraulic analysis in relation to environmental flow assessment is a topic 
of growing importance as the focus on biodiversity, environmentally friendly utilization 
of water resources or restoration efforts. To assess the effect of point density on 
environmental analysis we simulated a low discharge of 2.44 m3/s. The difference in 
areas in different depth groups is shown in Figure 57. Here we see deviations from the 
PD16 baseline already when we move to 4 points per m2, and the deviations increase as 
we reduce the point density further. 

Figure 57: Differences in water depth on discharge 2.44 m3/s. Computed using PD16 as a baseline. 

Considering habitat assessments water velocity is an important biological response 
variable.  Figure 58 shows deviations in simulated velocity from the PD16 baseline. As 
for the depth, we see the deviations start already when we reduce the density to 4 points 
per m2. 

Figure 58: Differences in areas divided into velocity groups for a discharge of 2.44 m3/s. Computed using PD16 
as a baseline. 

Comparing the assessment of environmental flows with the flood assessment we see 
that the differences in the simulations are larger for the environmental flows. This is 
mainly caused by the environmental simulations utilize only the bathymetry while the 
inundation computations during the 200-year flood also includes the floodplains which 
are the same for all cases. But as Adawalla et al. (2022) shows a proper description of 
the river channel is still needed for flood assessments.  

 



 

 91 

From the evaluation of point densities, we see that for flood inundation maps (200 m3/s) 
river bathymetries with variable densities produce comparable results. Deviations of 
any size is first seen at a density of 0.01 points per m2, but small changes occur from 1 
point/m2. Also, considering evaluation of low flow conditions (2,3 m3/s) we find similar 
results; however, changes are more visible from 4 points/m2, and significant larger 
reaching 0,25 points/m2).  

Finally, the evaluation of calculation time of implementing different point densities as 
basis for hydrodynamic modelling were conducted. Based on the calculations from the 
rivers Bøelva and Lærdalselvi, a rough estimate of the calculation time was be given.  
Figure 59 shows the increases in calculation time for the example from Bøelva. The total 
calculation time is, of course, always dependent on the size of the area included in the 
raster file. The increases in calculation time in relation to the mesh resolution can be 
regarded as representative. With a point density of 16 pts/m2 the calculation required 
almost 300h. If, in contrast, 1 point/m2 is used for the calculation, the calculation time 
is reduced to less than 30h. 

Figure 59: Example Bøelva: Calculation time of hydrodynamic 2D models using Hydro_AS-2D, depending on 
the mesh resolution (total number of nodes). The higher number of nodes results from higher point densities/m2 
(1 point/m2 up to 16 points m2). 
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4.2 WP 3 Future procurement and public availability 
In this work package we have systematically evaluated how to structure ALB data for 
public availability, and how to streamline official tender processes independent on 
sector.  

The objective for this work package has been to tailor the platform, hoydedata.no, for 
storage and distribution of bathymetric point clouds. The goal is to ensure uniform data 
deliveries, with known quality, for optimised re-use of data.  

National standards and guidelines have been adjusted to reduce time consumption and 
quality-assure tendering processes, and to make these better suited for bathymetric 
lidar. Hopefully all future procurements and data acquisitions will be based on these 
specifications, ensuring that all datasets can be made publicly available. This will 
support reuse of data for various purposes, increasing the cost benefit for all projects.   

Deliverables: 

• Product specification for point clouds,  
(Produktspesifikasjon Punktsky versjon 1.0.4 2022-01-01). 

• Publicly available data from mapped rivers and lakes through Hoydedata.no. 
• Guidelines for procurement of ALB and MBES (see appendix B and C) 

4.2.1 Product specification for point clouds 

The existing NMA standard, FKB-Laser 3.0, defining the delivery and use of point clouds 
was not suited for robust procurement of ALB and a new standard 
“Produktspesifikasjon Punktsky” has been established including the accuracy 
requirement, metadata and point cloud definition for both ALB and MBES acquisition.  

4.2.2 Publicly available data 

The lidar-deliverables together with pdf-reports and metadata are made available on 
hoydedata.no as open data, licensed as CC BY 4.0. The mapviewer on hoydedata.no 
makes it possible to look at various visualisations of the terrain.  

  

https://sosi.geonorge.no/produktspesifikasjoner/Punktsky/
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Figure 60: Mapview from hoydedata.no showing multidirectional hillshade combined with a colour gradient for 
elevation. 

The delivered lidar-files, geotiff-files of terrain- and surface-models can be downloaded 
through the export dialogue on the same site. 

 
Figure 61: Image showing the export-dialogue for an export that will provide a geotiff-file with metadata. 
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Added functionality for bathymetric datasets on hoydedata.no 

To better utilize bathymetric datasets, we have done some adjustments to how we 
produce these terrain models compared with terrain models on dry land. 

We are now making a bathymetric mosaic of all applicable bathymetric datasets 
available on hoydedata.no. This national bathymetric elevation model can then be used 
on top of our existing national elevation model to create a seamless model across wet 
and dry terrain. This model will also be used as a source for elevation-profiles across 
rivers, lakes etc. 

The combined model will be made available as a wcs-service on geonorge.no 

4.2.3 Guidelines for procurement 

To maximize the chance of a successful procurement across different river 
environments one must as a minimum consider. 

Topography 
Operating the ALB sensor safely within its optimal operational range can be difficult in 
steep terrain (west coast) and one should consider using a hover platform (helicopter 
or drone). If the sensor is operated outside its specified altitude the chance of data void 
increase.  

In more open terrain, fixed wing platform and high power systems operated in a 
traditional survey pattern will be more cost effective. 

Point Density 
With the current available sensors a minimum point density of 5 p/m2 within the 
sensor operational range will give a dataset suited for all derived analysis. 

Combined data acquisition ALB and MBES 
For applications require complete coverage of a river or lake it is advisable to first 
acquire ALB before filling inn with MBES from a surface vessel. This will minimize time 
needed for MBES acquisition. During acquisition one must ensure enough overlap 
between the two data sources to carry out a statistical comparison.  

RGB Orthoimagery 
To aid interpretation and use of the ALB point cloud one must collect orthoimagery 
during acquisition. The orthoimagery must comply with the requirements for 
temporary orthophoto stipulated in chap. 6 of “Produksjon av Basis Geodata, current 
version” and requirements from “Produktspesifikasjon for ortofoto” [Product 
Specification for Orthophotos] current version. The RGB values must be included in the 
point cloud to facilitate analysis.  

Tender support documents for acquiring ALB and MBES are included in appendix B and 
C.  
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5 Discussion 
The main objective of the given project was to evaluate and apply commercially 
available airborne LiDAR bathymetric (ALB) technologies on selected Norwegian rivers 
and lakes. Systematic evaluation of accuracy and robustness, and exploration of the 
potential application of ALB technology in freshwater resources management was 
conducted. Here, three different ALB sensors; the fixed wing solutions Riegl VQ-880-NG, 
Chiroptera 4X, and Teledyne Optech CZMIL Supernova, and drone based Riegl VQ-840-
G, was tested in a comparative approach. In general, based on the different statistical 
analyses, the results imply that ALB is an accurate (< 10 cm) and robust technology that 
is commercially available in the European market. Moreover, analysis of the comparison 
of the different sensors show that all sensors perform well and in accordance with their 
specification. However, despite that the current project implemented a systematic 
comparative approach stratified among three physical different rivers and three lakes, 
generalization of the applicability of ALB across all Norwegian freshwater systems is not 
possible. Also, evaluation of applicability of ALB in lake systems was not completed 
within the project period but is further investigated and remains to be concluded. 
Finally, demonstration of ALB on selected river management applications show that the 
technology may imply a radical (important) change within future flood risk analysis and 
mitigation, erosion risk and sediment transport, river restoration, and environmental 
flow consideration in hydropower regulated rivers.  

5.1 Evaluation of accuracy and robustness of ALB  
The objective of the present study was to explore and evaluate the accuracy and 
robustness of remote sensing green LiDAR data. To do this, data were collected and 
compared with in situ methods (transect point and Multibeam data, and across three 
rivers and four sensors. A second objective was to identify which factors may lead to 
signal loss, and thereby bias or limit remote sensing ALB data acquisition. A stratified 
design across pre-selected hydraulic variables, primarily water depth, ‘white water’ 
associated with river gradient, bottom substrate (size, color), and water 
clarity/underwater visibility was developed. The given variables have been identified as 
potentially important in previous studies but based on limited data acquisition from 
selected cross-sections or one/ few short and uniform, low gradient river reaches, i.e., 
limited and benign ranges of hydraulic conditions ( e.g., Hilldale & Raff 2008; Kinzel, 
Legleiter & Nelson 2013; Mandlburger et al. 2020; Kinzel, Legleiter & Grams 2021; Islam 
et al. 2022). The novelty of the present study is a stratified design including 1) a variety 
of hydraulic conditions across three different rivers and 2) along long river reaches 
representing a variety of gradients and habitats, and with 3) data collection by both in 
situ (transect points, Multibeam) and remote sensing ALB data, and 4) the use of 
recently developed ALB technology with high point densities, with direct comparisons 
of data from four sensors.  

ALB measurements of riverbed elevation were consistently close to comparative in situ 
control measurements by the alternative methods transect point measurements (about 
500 points with dGNSS in typical river reaches) and Multibeam (about 42 000 
measurements in pools). Deviations can be expected to be less than ± 10 cm. It is 
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important, however, to note that none of the measurement methods represent the 
‘truth’, meaning that deviations represent the accumulated sampling errors across 
methods. Nevertheless, multibeam data in deep pools may be closest to the ‘truth’  
(e.g., Payne, Eggers & Parkinson 2004; Gard 2005; Jowett & Duncan 2012).  

High numbers of outlying deviations were found in deep river sections but without any 
apparent pattern. These outliers were attributed to potential noise in the multibeam 
data in shallow areas, and in areas with high riverbed slope (80ᵒ) rather than noise 
within the ALB data itself. It is known that multibeam data tend to become more ‘noisy’ 
in shallower and more sloping riverbed areas due to increased beam angle (e.g., Hughes 
Clarke, Mayer & Wells 1996; Calder & Mayer 2003). Moreover, some offset measurements 
were probably due to sensor calibration issues, which should be possible to avoid in 
future. Furthermore, if an ALB signal was reflected and received, accuracy was 
consistently high (< 10 cm) across sensors and water depths. However, there may 
perhaps be a weak tendency for potential deviations with increasing depths and coarser 
substrate, but this was somewhat inconsistent in the data. Our findings are supported 
by previous but not systematically tested evaluations (Kinzel, Legleiter & Nelson 2013; 
Mandlburger et al. 2020; Kinzel, Legleiter & Grams 2021; Islam et al. 2022). 

Loss of remote sensing ALB signals increased with increasing water depth. An abrupt 
‘critical’ threshold on water depth appeared to be closely associated with water clarity, 
and thus related to different river system. Data imply that loss of signals increases 
abruptly close to estimated Secchi depth, and that future ALB acquisitions should be 
implemented during stable, low flows, and avoid rising flow and flood events, although 
dependent on river freshwater catchment features. The importance of water clarity, 
however, for ALB’s water penetrating capabilities have been reported in the few 
relevant previous studies found in the literature (Mandlburger et al. 2020; Kinzel, 
Legleiter & Grams 2021; Islam et al. 2022). Water clarity/turbidity emerge as a main issue 
for the application of remote sensing ALB in rivers (see Kinzel, Legleiter & Grams 2021 
for a thorough discussion). Thus, reported water penetration capability relative to water 
clarity, as conventionally expressed by Secchi depth, varies across studies. In a recent 
study with a high point-density ALB across three small ponds and a short river reach in 
the European Alps, Mandlburger et al. (2020) reported the penetration depth to be twice 
the Secchi depth. Similar results were reported  by Kinzel, Legleiter and Grams (2021). 
Thus, ALB penetration capability appears to be different across rivers likely depending 
on what cause loss of clarity; light scatter due to suspended particles and/or light 
absorption due to dissolved materials. The results here suggest ALB has reduced 
penetrating capability in humus-rich rivers like two of the rivers in the present study. 

Interestingly, water penetrating capabilities also varied across sensors. For technical 
reasons, point density is balanced by signal power for each sensor. Sensors with fewer 
signals but more power per signal penetrated water somewhat deeper, up to 10m depth 
for the Optech. In turn, the higher signal strength gives a more homogeneous 
distribution of reflected points, which via interpolation provided better area coverage 
with bathymetric data. These are important pre-project considerations. Depending on 
project objectives and requirements for spatial resolution, point density should be 
balanced by signal power. More signal power gives deeper water penetration and more 
continuous and spatially homogeneous data, which may compensate for reduced point 
density via post-processing interpolation procedures. For example, for basic 
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bathymetric mapping of riverscapes, coverage may be priority, and therefore higher 
signal strength with higher depth penetration more important, likely in combination 
with interpolation algorithms for increased spatial coverage. If high resolution is 
priority, e.g., to evaluate environmental conditions on low flow and stranding risk areas 
for aquatic species, higher point density will be important.   

Mapping turbulent areas as riffles and rapids, i.e., ‘white water’, in riverine 
environments is currently a major challenge for LiDAR sensors. Analysis using Cloud 
Compare of spatial distribution of residuals in white water areas between the CZMIL and 
the VQ880-G, show large deviations between the sensors’ clouds in these locations. 
Results indicate that the VQ880-G produce a more realistic bottom profile, whereas the 
CZMIL is found to be more vulnerable to “no data” in such areas, and even in some cases 
reported the water surface as the river bottom. The interference of the air entrainment 
with the laser pulse potentially prevents the sensor from accurately measuring the 
bathymetry, as previously reported by Hilldale and Raff (2008). In addition, with a 
significantly higher point density produced from the Riegl VQ880-G flight pattern, the 
chance of accurately detecting the bottom in the white-water section is higher than for 
the lower point density dataset from the CZMIL. Moreover, additional analysis based on 
the improved high-resolution photos (Hasselblad) provided from the Teledyne Optech 
flight were used as basis for analysis of turbulent (‘white water’) in shallow river reaches. 
Analyses using the RGB-derived Lightness index as a proxy for surface turbidity or ‘white 
water’ in the clear and high-gradient Lærdalselvi indicated that any loss of ALB signals 
in ‘white water’ areas was associated with the spatial scale of the analyses. On a larger 
100 x 100 cm grid scale data loss was limited. However, on a 25 x 25 cm grid scale there 
was a major data loss in many grid cells, especially for the CZMIL sensor with the lower 
point density. This association with spatial scale reflects that ‘white water’ is not 
uniformly white due to turbulence, but a micro-mosaic of varying ‘whiteness’, i.e., 
degree of surface turbulence. Apparently, ‘white water’ has small cells with smoother 
water surface that high-density ALB sensors can penetrate. Data loss reflects a balance 
between water ‘whiteness’ and ALB point density. Thus, analysis of white water found 
in turbulent river sections as riffles and rapids imply a challenge, but high point density 
may support improved ALB results in such areas. Increased density comes at a cost as 
the aerial survey company must carry out more data acquisition.  

Based on the given analysis and experience from this project the main concern can be 
the loss of ALB signals in deeper river areas, i.e., the water penetrating capability. Apart 
from signal strength the loss of signals or data imply a dependency of water clarity, i.e., 
depending on light scatter due to suspended particles and/or light absorption due to 
dissolved materials. The factors determining ALB penetration should be studied in 
future controlled experiments (although unknown information to the authors 
knowledge).  

5.2 Demonstration of application of ALB in 
freshwater management and monitoring. 

Based on the two key questions whether i) ALB as a technology can improve cost-
benefit evaluations in relation to societal perspectives within future freshwater 
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management, and ii) will ALB facilitate and improve learning and strengthen strategic 
adaptive management across Norwegian sectors, results from this pilot study indicate 
a firm and strong support that ALB can be a radical (important) change in data 
acquisition and basis for future public management decisions. The questions are also 
strengthen given that the results imply high accuracy and robustness across sensors 
and tested rivers and lakes, although study areas cannot be generalized to all 
Norwegian rivers and lakes, and that final analysis and results from the lake study are 
still to be concluded. Yet, results give a strong indication for both its current and future 
potential. 

In this study application of ALB on flood risk analysis and mitigation, erosion risk and 
sediment transport, river restoration, and environmental flow consideration in 
hydropower regulated rivers, have been tested and examples given. Considering flood 
risk analysis and mitigation the added value of ALB as basis for flood inundation 
modelling (flood risk maps) was evaluated. Based on the findings that ALB provide 
accurate and robust data (project objective 1) it can be expected that modelling results 
based on ALB will improve future flood risk maps. This is implicit and is a well anchored 
hypothesis. In this study it was demonstrated that flood risk maps based on 
topographic (red) LiDAR overestimated inundated areas in frequency floods ranging 
from 1 to 500-year flood. On a dimensional flood (200 yrs, TEK 17 req.) overestimation 
reach a maximum of 180% overestimation based on analysis of 11 different rivers. On 
the other side, using conventional transect approach in 2D hydrodynamic modelling 
results indicate a significant underestimation of flooded area. Also, drone-RTK and 
regional and local methods based on satellite images indicated significant differences 
in inundated areas. Drone-RTK, however, gave serious violations in riverbed elevation 
below 1 meter water depth, and in areas with reflectance in the water surface. Regional 
and local methods based on satellite images did improve calculation of inundation 
areas resulting in a final underestimation of 6 – 21% and 8-9%, respectively, over the 
range of return periods from mean annual flood to 200-year flood. Still, seen from a 
municipality`s perspective the difference in flooded area can be detrimental for local 
development. Thus, both topographic LiDAR and the transect approach in today’s flood 
risk map development should be avoided and ALB implemented as the future best 
practice. Interestingly, from a cost-benefit perspective ALB reduces costs and increases 
safeguarding in field work (HSE) considering data collection compared to transect 
approach. Also, ALB data reduces the need for calibration significantly and thus reduces 
modelling costs and additional field work investment. On the other hand, high point 
density (16 points/m2) increases computational time and challenge practical work. With 
regard to flood risk mapping and computation 1 to 0,01 point/m2 gives similar results as 
16 points/m2 considering inundated area and selected physical variables on 
dimensional flood (200-years). Thus, future flood risk analysis and mitigation work may 
require 1 to 0,01 point/m2 and expect high quality flood risk maps with high benefit 
compared to costs. Finally, a test case in the lower Lærdalselvi was applied. Here, the 
added value of using ALB as a basis for modelling nature-based solutions is evident. 
Using conventional methods as either topographic LiDAR or transect approach would 
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not be feasible, nor possible, due to the need for in-stream details that NBS evaluations 
require.  

In evaluation of applying ALB as part of erosion risk and sediment management results 
showed that it was not possible to use ALB as a basis for automatic sediment roughness 
calculation for further river classification according to the method in Hauer & Pulg 
(2019). Accordingly, substrate cover for fish (‘skjul’) based on the Finstad et al. 2006 
method was not either possible to automatic calculate based on the current ALB data. 
However, high density point-clouds provided by Riegl VQ880-G may give a foundation 
for further analyses developing automatic detection of sediment substrate and 
roughness classes, river classification according to Hauer & Pulg (2019) and substrate 
cover. Further, hydrodynamic modelling based on ALB data provides the opportunity 
for evaluation of local scouring and sediment aggradation by applying the Froude 
number based on hydrodynamic modelling on a detailed scale. Detecting scouring and 
aggradation through both modelling and repeated consecutive ALB mapping flights, as 
also tested here, before and after floods gives an interesting and highly valuable 
management perspective. Identifying detailed areas with risk of scouring and 
aggradation is vital in view of future analysis, predictions and management of flood and 
erosion risk. 

River restoration and environmental measures in and along rivers has been conducted 
through decades. Still, the conventional approach is “test and see”, and not plan-do-
evaluate as the principle given in strategic adaptive management (SAM). Thus, ALB can 
provide an important basis for future river restoration with respect to SAM as the future 
approach in freshwater management. In this study removal of weirs as a currently 
actual restoration action was tested applying hydrodynamic model based on ALB data. 
Also, not included in this report (but given in the sub report by BOKU, 2022) opening of 
side channels, river widening and gravel removal demonstrate the important value of 
implementing high density data as basis for river restoration. No methods today are 
comparable to ALB considering detailed data collection of river bathymetry as needed 
for such work. Looking ahead, ALB may be an important contribution for the UN 
restoration decade 2021-2030, both with respect to planning, actions and evaluation of 
river restoration projects. ALB data set can be the basis for both future technical 
schemes and for detailed solution and scenario modelling purposes. 

The implicit challenge between development and operation of hydropower as 
renewable energy and biodiversity crisis and nature management is evident today and 
in future. From an energy perspective the value of water in energy production with the 
current energy prizes, challenge the protection and preservation of environmental 
values. In hydropower regulated water courses calculation of environmental flow, 
water elevation in regulated reservoirs, evaluation of hydropeaking and stranding risk 
areas for aquatic species is today and will be even more important in years to come. In 
this project evaluation of applying ALB as basis for hydrodynamic modelling of both 
environmental flow level, hydropeaking and dewatering rates have been illustrated. 
Additionally, the question of point density per unit area have been tested on low flows 
(environmental flows) showing that 4 point per ma as basis is needed, both considering 
water covered areas and velocity calculation. Thus, results from this study imply that 
ALB as basis for hydrodynamic modelling will become a central and cost-effective 
holistic management tool and is recommended to be implemented in future decisions 
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considering hydropower regulated rivers, and potentially also shallow part of regulated 
reservoirs (e.g., detailed evaluation of environmental impacts from reservoir peaking). 

5.3 Results and short discussion about data from 
the rivers Tangeelva/Leira and Glomma 

Although data from the rivers Tangeelva/Leira and Glomma were not used by the R&D 
partners, we were able to qualitatively examine the data enough to form a general 
impression about the data. For the clay rivers Tangeelva, Gjermåa and Leira, we were 
pleasantly surprised and got better results than expected. We had low expectations for 
these rivers, due to the rivers large suspension transport and thus limited water visibility 
(Secchi depth of around 1 m). In general, however, these rivers are very shallow 
(especially the rivers Tangeelva and Gjermåa), with a typical depth of 1-1,5 m. As it is 
usually shallow rivers and streams that characterize the ravine landscape of Romerike, 
the results give indications that the use of ALB in the area will be able to provide added 
value for e.g., mapping of erosion in areas with marine clay. 

For Glomma, we generally got data down to around 3 m depth. The studied stretch in 
Glomma is deep, with depths down to 25 m. Secchi depth for Glomma is in this area 
around 2 m, so we also see here that the ALB systems provide data to around (or better 
than) 1xSecchi depth. For such deep rivers with limited water visibility, ALB data must 
be complemented by using MBES to ensure complete data sets. 

5.4 Future procurement and public availability of 
ALB data 

We recommend that future procurement of ALB is done through Geovekst. This will 
ensure streamlined acquisition with the use of common standards well known to both 
providers and clients. Furthermore, a joint financing programme will give optimal cost 
benefit to all parties. Geovekst is a Norwegian cooperative effort for the joint financing, 
establishment and maintenance of basic geospatial information. All project partners 
are members of this cooperation. Geovekst is coordinated by the Norwegian Mapping 
Authority. The parties are the joint owners of the data established through the 
cooperation. For more information, see: 
http://www.kartverket.no/geodataarbeid/Geovekst/  

To provide efficient and flexible data acquisition we recommend procurement of 
several areas, well distributed over different terrain types, in the same project. As 
pointed out in this project there are several external causes that may influence on the 
possibility for optimal data acquisition. With this approach the data supplier increases 
the chance of getting good results in the given areas with minimum downtime on the 
aircraft. For the same reason, a liberal schedule for data collection will increase the 
chance of finding the perfect time for acquisition. It’s advisable with a close 

http://www.kartverket.no/geodataarbeid/Geovekst/
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collaboration between client representatives and supplier during the period of 
acquisition.  

Mapping according to utility and need is an incorporated principle in Geovekst. The 
same will apply for future procurement of ALB. There will only be need for bathymetric 
point clouds for selected rivers and lakes, not every single one. For some areas there 
will be need for frequent re-scans to provide change detection. 

We recommend a minimum of annual activity to maintain focus and build competence. 
This will also be crucial for establishing and maintaining a well-functional marked for 
ALB in Norway.  
All ALB and MBES collected over government funded programs must be stored and 
distributed over the høydedata.no platform. This will ensure that all parties can easily 
access the datasets, as well as the building of a seamless topobathy national grid model.  
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6 Concluding remarks 
This pilot project seeks to answer three main project objectives. In the following we 
summarize key points with reference to the project objectives.  

Objective 1: Evaluation of accuracy and robustness of ALB technology on selected 
Norwegian rivers and lakes: 

1. Deviations in estimated riverbed elevation/water depth across methods were 
generally low and can be expected to be less than 10 cm across rivers and 
sensors, indicating high accuracy and robustness of ALB as a sensor 
technology. 

2. Tested predictors generally had limited predictive power (up to about 40 %), 
but alternative analyses/models gave consistent results with respect to 
indicating important predictors of deviation. 

3. Deviations between remote sensing ALB and in situ transect point 
measurement were perhaps to a small degree positively associated with water 
depth, resulting in slightly more deviation with increasing depth, but not 
consistent. Deviations were weakly positively associated with substrate size, 
resulting in slightly more deviation with increasing substrate size. Deviations 
were more strongly associated with Sensor and River, likely caused by sensor 
calibration issues and unbalanced study design (for logistic reasons not all 
sensors were tested in all rivers). 

4. Deviations between ALB and in situ multibeam data in pools, were weakly 
associated with water Depth and riverbed Slope. This may be explained by 
increasing ‘noise’ in multibeam data with increasing beam angle (shallow and 
steep areas). The stronger association with Sensor and River, may again be 
explained by sensor calibration issues and unbalanced study design (above). 

5. ALB data loss was strongly associated with Depth, River and Sensor, especially 
Depth and River had high predictive power (up to 93 %). 

6. ALB data loss was generally small in shallower areas. However, data loss 
increased abruptly at a critical and river-specific water depth. This critical 
depth for data loss correlated with the river-specific water clarity, as expressed 
by Secchi depth. 

7. Sensors with stronger signals (at the cost of lower point density) penetrated 
deeper (up to 1 m across tested sensors). 

8. ALB data loss increased with increasing amount of ‘white water’, i.e., surface 
turbulence. However, the loss of data in turbulent areas was reduced at higher 
point densities. There was also data loss associated with dark, vegetated river 
bottom. 

ALB coverage was generally high, but also depended on a balance between pulse 
power (depth penetration) and pulse density (white water penetration) relative to 
river depth/water clarity and amount of white water. 
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Objective 2: Demonstration of selected application areas with respect to future river 
management across sectors 

1. ALB can be a radical (important) change in data acquisition and basis for 
future river management and public cost-benefit decisions. 

2. ALB as basis for [hydrodynamic modelling] analysis considering flood risk and 
mitigation, erosion risk and sediment transport, river restoration, and 
environmental flow consideration in hydropower regulated rivers, can be a key 
technology in future. Results from this study imply that future acquisition on 
river bathymetry regarding flood risk analysis require 1 point/m2 as basis for 
modelling purposes, whereas environmental flow should acquire 4 points/m2. 

3. ALB technology will be an important support for strategic adaptive 
management of freshwater resources in future.  

4. ALB facilitates and improves learning and collaboration across disciplines and 
management authorities.  
 

Objective 3: Future procurement and public availability of ALB data 

1. ALB is well suited as a standard product in the national geo-infrastructure, in 
the same way as traditional topographic lidar and aerial photography.  

2. National specifications and guidelines are adjusted to cover acquisition of ALB  
3. www.Hoydedata.no is adjusted to provide easy access to ALB data for public 

and private users. 
4. Future procurement of ALB is recommended to be collaborated with Geovekst 

as a professional forum. 
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7 Future aspects and 
recommendations 

Based on the analysis and conclusions from this study, ALB is a proven technology with 
high accuracy and robustness applicable within a range of sector interests considering 
future freshwater management. Compared with traditional survey methods, mapping 
with ALB is time-efficient and reduces HSE risks. However, findings on river systems 
indicate limitations with respect to water visibility within one Secchi depth. Thus, water 
visibility is a key planning factor for future ALB data mapping.  

Based on our findings and conclusions, we recommend future research and 
development to focus on these areas:  

• Water penetrating capability and loss of data – we need to know more about 
where we can and cannot expect data. 

o There is a tradeoff between signal strength and ALB data point density. 
This needs to be studied more in relation to water penetrating 
capability from suspended particles and the light absorption from 
turbulent water. 

o There is an opportunity to gain further insight on the effect of water 
visibility. This could be done by extending the river data with similar 
data that exists for shallow parts of lakes, and thereby increase the 
number of study objects. This will allow water visibility and water 
quality measurements to be included in regression models, thereby 
developing a relationship between water visibility and the probability 
of receiving ALB data. 

• The potential ability of high ALB point density to resolve substrate particle 
sizes/roughness should be explored more. 

Regarding the applicability of ALB on lake systems, a continuation of this project is 
currently in development. Results, conclusions, and recommendations are still to be 
seen. 
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9 Appendixes 
 

APPENDIX A: Sampling date and water flows 
 
Table 13: Sampling date and water flow (in parenthesis; m3/s; https://sildre.nve.no/)) for data collection in 2021, 
by river and sensor. 

 Sensor 

Bøelva 

(Hagadrag) 

Hallingdalselve 

(Bergheim) 

Lærdalselvi 

(Stuvane) 

Riegl 880 3. Sep. (21) 3. sep. (73) 26. sep. (15) 

Chiroptera 27. Aug. (15) 
  

Optech            - fixed wing   16. jul. (76) 21. jul. (20) 

Riegl 840         - helicopter 25. Sep. (12.5). 24. aug. (52) 25. sep. (15) 

Multibeam 

(pools only)  26. Oct. (12) 10. nov. (95) 16. nov. (21) 

Wading transects/ points 22. Nov. (19) 3.nov (174) 16. nov. (21) 

 

  

https://sildre.nve.no/
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APPENDIX B: Procurement of ALB – Technical 
Specification 

ALB and ALS are closely related sensor systems and when procuring ALB we reuse 
parts of the acquisition procedures for ALS available in the NMA procedure 
“Produksjon av Basis Geodata 2.0”.  

 

Minimum ALB acquisition Technical Specifications 

The ALB deliverable must meet the general requirements for ALB point clouds as 
stated in Produktspesifikasjon Punktsky and the point cloud must meet the accuracy 
requirements and point density requirement for a category Psky_1_ALB_B. 

The acquisition, processing and reporting must be carried out according to the general 
requirements given in “Produksjon av Basis Geodata 2.0 / Kap7”. Please refer to the 
PaGBv2 for the complete description of each requirement given in the table below.  

Ref. PaBG 2.0 Requirement Description 

K28 Sensor Calibration Document sensor calibration (ALB)  

K29 System Calibration Document sensor system calibration (ALB+INS)  

K30 System Verification Document sensor system integrity check prior to 
commencing project.  

Alternatively show how sensor system integrity is monitored 
during processing.  

K31 Flight Plan Document the planned survey acquisition pattern  

K32 Sensor Parameters Document the sensor and platform parameters to be used 
during the planned acquisition  

K33 Crosslines For classical ‘lawnmower’ surveys crosslines are required to 
strengthen the strip adjustment. 

For ‘corridor surveys’, following a valley bottom or a river, 
the contractor must describe how they will ensure a rigid and 
accurate point cloud without the use of crosslines.   

K34-35-36 GCP – Vertical  In order to remove a potential vertical datum shift the 
contractor must test the pointcloud using GCPs. 

For surveys utilizing alternative processing approaches, the 
contractor must describe how they will use the GCPs in 
processing in order to ensure a rigid and accurate 
pointcloud. 

K37-38-39 GCP – Horizontal In order to identify a potential horizontal datum shift the 
contractor must test the pointcloud using GCPs.  

K41-42 Point Cloud Processing Document the approach to strip adjustment ensuring point 
cloud rigidity and accuracy.  

https://sosi.geonorge.no/Standarder/Produksjon_av_Basis_geodata/2.0/
https://sosi.geonorge.no/produktspesifikasjoner/Punktsky/#trueluftb%C3%A5ren-batymetrisk-lidar
https://sosi.geonorge.no/produktspesifikasjoner/Punktsky/#trueluftb%C3%A5ren-batymetrisk-lidar
https://sosi.geonorge.no/Standarder/Produksjon_av_Basis_geodata/2.0/#_kartlegging_med_flyb%C3%A5ren_laserskanning
https://sosi.geonorge.no/Standarder/Produksjon_av_Basis_geodata/2.0/
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K43-44 Point Cloud Datum Shift Document the approach to mitigate datum shift in both 
horizontal and vertical domain if the datum shift has not 
already been removed during processing.   

K45 Point Cloud Verification  In order to identify poor strip adjustment a dH plot 
(homogeneity plot) must be produced showing the strip-to-
strip difference in height.  

Document the agreement between the point cloud and the 
existing terrain in the national elevation database (NDH).  

K46 Classification Describe how the classification will be done and identify 
possible challenges for a given survey area.  

K47 Report Survey report. 

K47 Data Delivery ASPRS LAS 

 in agreement with the requirements stated in 
Produktspesifikasjon Punktsky  

 

  

https://sosi.geonorge.no/produktspesifikasjoner/Punktsky/#trueleveranse-punktsky
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APPENDIX C: Procurement of MBES – Technical 
Specification 

For waterbodies where ALB does not give complete coverage one can consider 
complementing the ALB with a Multibeam Echo Sounder (MBES) survey. To minimize 
time in field one should acquire MBES after actual coverage of the ALB survey has been 
delivered. Based on the Norwegian Hydrographic Service document - Teknisk 
kravspesifikasjon for sjømåling (Norwegian Only), a minimum specification for MBES 
acquisition are:  

Minimum MBES acquisition Technical Specifications 

The MBES deliverable must meet the general requirements for MBES point clouds as 
stated in Produktspesifikasjon Punktsky and the deliverable must meet the accuracy 
requirements and the point density for a category Psky_1_MBES_B survey.  

Table: Requirement for the acquisition, processing and reporting must be carried out to the following demands:   

Ref. 
NMA 
MBES 

Requirement Description 

K2.2 Positioning The positioning must be done using an INS system capable of 
meeting the accuracy requirements stated for 
Psky_1_MBES_A.   

K2.3 Echosounder The sonar must be capable of meeting the accuracy 
requirements stated for Psky_1_MBES_A.  
For survey in very shallow water a high beam angle is allowed. 

K2.4 Motion Sensor The vessel motion must be derived from an INS system capable 
of meeting the accuracy requirement stated for 
Psky_1_MBES_A.  
The system must resolve heading using a dual antenna setup.  

K2.6 Sound velocity profiles The survey must collect sound velocity profiles in waterbodies 
deeper than 10m. 

K2.7 Sound velocity at Sonar Head The survey system must include a SV sensor at the sonar head 
and the sound velocity must be interfaced to the sonar in real 
time. 

K3.1 CRS - Horizontal EUREF89 / UTM Local Sone (EPSG: 5972/5973/5975) 

K3.2 CRS – Vertical NN2000 geoid model (version used must be reported) 

K3.3 Time Reference  UTC  

K4.1 Horizontal positioning accuracy 
(absolute) 

0.50m + 0.016*depth 

K4.2 Vertical positioning accuracy 
(absolute) 

0.12m + 0.002*depth 

K4.3 Vertical positioning precision 0.08m + 0.002*depth 

K4.4 Accuracy Control The MBES accuracy to be proven using ALB dataset. The 
overlap between ALB and MBES must be large enough to 
ensure a statistically robust comparison.  

K4.8 Density The survey plan must ensure the attempt of 100% coverage of 
the seabed. The point density for bathymetric points must be 

https://www.kartverket.no/til-sjos/sjokart/standard-for-godkjenning-for-sjokartlegging
https://sosi.geonorge.no/produktspesifikasjoner/Punktsky/
https://sosi.geonorge.no/produktspesifikasjoner/Punktsky/#truemultistr%C3%A5le-ekkolodd
https://www.kartverket.no/til-sjos/sjokart/standard-for-godkjenning-for-sjokartlegging
https://www.kartverket.no/til-sjos/sjokart/standard-for-godkjenning-for-sjokartlegging
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fulfilled within 80% of all 2x2m cells within a 10x10m grid.  
Ref Produktspesifikasjon Punktsky category A.  

K5.1 Sensor and System Calibration Report must include documents showing valid sensor 
calibration certificates (SVP) and sensor installation 
calibration (offset surveys)   

K5.2 System Verification  Report must include document showing valid system 
verification (Patch Test) 

K8.1.d  Report The survey report must include:  
- Survey Name 
- Survey Company 
- Client 
- Survey description and plot of AOI 
- CRS (horizontal, vertical, time) 
- Total Area, survey dates 
- Survey Platform Description 
- Survey Sensor Description 
- Acquisition Report 
- Processing Report 
- Personnel (Surveyor, Processer, Overall Project 

Responsible Person) 
K8.2 Data Delivery ASPRS LAS in agreement with the requirements stated in 

Produktspesifikasjon Punktsky 

 

  

https://sosi.geonorge.no/produktspesifikasjoner/Punktsky/#truekrav-til-punkttetthet
https://sosi.geonorge.no/produktspesifikasjoner/Punktsky/#trueleveranse-punktsky
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APPENDIX D: Sensor Parameters 
  

Sensor full name Teledyne Optech 
CZMIL SuperNova 

Leica 
Chiroptera 4X 

Riegl VQ-
880-NG [7] 

Riegl VQ-
840-G [8] 

Sensor type Deep Bathy 

Topo - 
Shallow 

Bathy Topo-Bathy Topo-Bathy Topo-Bathy 

Weight kg 270 

160kg (total 
system) 

45kg (Sensor 
Head) 65 12 

Dimensions cm 

89 × 60 × 90 - sensor 
head 

59 x 56.5 x 106 – 
operation rack ~67 × 53 × 75 52 × 52 × 69 36 × 29 × 20 

Laser Channels nm 532/532/1064 515/1064 532 532 

Camera   Phase One iXM-RS150F 
Leica RCD 30 

80mp  
Hasselblad 

H/39 [4] RGB 

Measurement 
rate kHz 

20 (range 
from 10-

30) 

180 (range 
from 90-

270)[1] 140/500 
up to 550 

kHz 50–200 

Pulse Energy mJ 
2,49 (at 
10kHz) 

1,75 (at 
20kHz)  0,1 - - 

Pulse Duration ns 
1,87 (at 
10kHz) 

1,57 (at 
20kHz)  <2 1,5 1,5 

Field of view deg ±20 ±20 ±20 ±20 ±20 
Beam 
divergence mrad 5 1,9 ~4,5 (0,7 - )1,1 1 til 6 
Input optics 
diameter mm 200 200       
Nominal flying 
altitude m 400-600 (800) 400–600 500-600 [5] 50 til 150 

Laser footprint cm 208-312 [2]  75-112 [2]  120–180 
50 @ 

1,1mrad 5 til 90 
Scan pattern   circular elliptical circular elliptical 
Depth 
performance  
@ 15% Bottom 
Reflectance secci depth 

2,8 (2,8-
3,5) [3] 

2,0 (1,5-
2,2) [3]   1,5 2 

Depth 
performance  
@ 15% Bottom 
Reflectance 

diffuse 
attenuation 
coefficient     

Dmax=2.7/kd 
@15 % sea-bed 
reflectance [6]     

  
General Note:  Please note that a direct  parameter by parameter comparison does not relate to 

sensor performance. End result is a combination of hardware, software and knowledge 
of the two. Values are not necessarily representable for actual performance in the 
study 
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[1] The range is from 10-30kHz and there are 9 channels measuring in total (7 shallow, 1 
infrared, 1 deep), so measurement rate is from 90-270, or 70-210 if you only take the 
shallow channels into account. This survey was executed at 20kHz and all channels 
have been used, so the measurement rate was 180kHz in practice. 

[2] This is the footprint of the registered return value at 400m AGL, at the surface. For NVE 
the flights were generally flown at around 400m AGL.  

[3] The surveys were executed with 20kHz in Shallow Mode, this gives a Secchi depth of 2,8 
for the deep channel and 2,0 for the Shallow Channels (based on a 30cm white Secchi 
disk). However considering the different modes the range of Secchi depths for the deep 
Channel is 2,8-3,5 and for the Shallow Channels 1,5-2,2.  

[4] AHM uses a separate camera for NVE surveys 

[5] Altitude for NVE surveys are 400m 
[6] 1. We do not specify depth penetration as a function of secci depth, as the 

relation between secci depth and diffuse attenuation is very uncertain, 
and varies dramatically with different water types. 

2. Please note that the depth penetration values given for other sensors in 
Mandleburger table, are assuming significant higher sea-bed reflection. 
If for example 60% sea-bed reflectance would have been assumed, the 
received signal would be 4 times larger. 

[7] 
All AHM operations in Norway from 2016 to 2021 are carried out with this version of the 
VQ880 sensor.  

[8] 

The exact acquisition parameters used by the Riegl VQ-840-G are documented in the 
840_Settings sheet. The system was testet extensively and parameters have been 
changed between runlines in each area.  

Leica 
Chiroptera 
General 
Comment 1 

Chiroptera 4X utilized both online full waveform processing and full bathymetric 
waveform post processing in afterwards. Several advanced full waveform algorithms 
are integrated purpose as increase performance in shallow water, increase 
performance in turbid water, increase object detection capabilities, increase data 
accuracy and increase depth penetration in general.  

Leica 
Chiroptera 
General 
Comment 2 

It shall be noted that the relative high depth penetration on the small UAV based 
systems are primary caused by the lower flying altitude. Chiroptera would have about 
same depth penetration as a deep water system if flown on 100 meters. However lower 
flying altitude  would causing a large reduction in area coverage and thereby the 
efficiency of the survey. Hence the optimization is a trade-off between efficiency of the 
survey, depth penetration and data density.  
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APPENDIX E: ALB and multibeam survey itinerary 
*TerraTec is today Field Group.   

Name Year Contractor 

NVE Flaum Skjolden i Luster 2018 2018 TerraTec 

NVE Flåmselvi 2018 2018 TerraTec 

NVE Opo 2018 2018 TerraTec 

NVE Lærdal 2018 2018 AHM 

NVE Nidelva 2018 2017 TerraTec 

NVE Rauma 2018 2017 TerraTec 

NVE Vosso 5pkt 2018 2017 TerraTec 

NVE Figgjo 5pkt 2017 2017 TerraTec 

NVE Etneelva 5pkt 2017 2017 TerraTec 

NVE Nausta 5pkt 2017 2017 TerraTec 

NVE Eidselva 5pkt 2017 2017 TerraTec 

NVE Numedalslågen 2018 2017 TerraTec 

NVE Tovdalselva 2018 2017 TerraTec 

NVE Gaula 2016 2016 TerraTec 

NVE Storelva Randselva Begna 2016 2016 TerraTec 

NVE Skiens og Porsgrunnselva 2016 2016 TerraTec 

NVE Driva 2016 2016 TerraTec 

NVE Mandalselva 2016 2016 TerraTec 

NVE Gudbrandsdalslågen 2016 2016 TerraTec 

NVE dronetest Figgjo 2020 2020 Nordic Unmanned 

NVE Kvina og Litleåna 2017/2018/2019 TerraTec og AHM 

NVE Hååna 2017/2018/2019 TerraTec 

Hafslund Geilo 2017 2017 AHM 

Hafslund Gol 2017 2017 AHM 

Hafslund Hallingdal Ål 2018 2018 AHM 

Hafslund Hallingdal Holselva 2018 2018 AHM 

Hafslund Hallingdal Torpo 2018 2018 AHM 

Hafslund Hovet 2018 2018 AHM 

Hafslund Nes 2017 2017 AHM 

SVV RV7 Lindelien - Kittilsviki 2020 Nearshore Survey / Terratec 

NDH Lærdalselvi CZMIL 2021 2021 Terratec 

NDH Lærdalselvi Riegl 840 2021 2021 TerraTec 

NDH Lærdalselvi Riegl 880 2021 2021 AHM 

NDH Bøelva Riegl 840 2021 2021 Terratec 

NDH Bøelva Riegl 880 2021 2021 AHM 

NDH Bøelva Chiroptera 2021 2021 Hexagon 
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NDH Selbusjøen Chiroptera 2021 2021 Hexagon 

NDH Selbusjøen CZMIL 2021 2021 Terratec 

NDH Krøderen CZMIL 2021 2021 Terratec 

NDH Krøderen Riegl 840 2021 2021 Terratec 

NDH Krøderen Riegl 880 2021 2021 AHM 

NDH Glomma Chiroptera 2021 2021 Hexagon 

NDH Glomma CZMIL 2021 2021 Terratec 

NDH Tangeelva Chiroptera 2021 2021 Hexagon 

NDH Tangeelva Riegl 880 2021 2021 Terratec 

NDH Bøelva MBES 2021 2021 Styvehavn 

NDH Krøderen MBES 2021 2021 Styvehavn 

NDH Glomma MBES 2021 2021 Styvehavn 

NDH Selbusjøen MBES 2021 2021 Styvehavn 
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APPENDIX F: Overview of published activities 2021-
2022.  

Publication type Title Authors Year 

Master's thesis Comparing flood cost estimates 
with varying level of detail 

Hailemariam 2021 

Master's thesis Comparison Between Green and 
Red LiDAR Terrain Models in Flood 
Estimations 

Adawalla 2021 

Master's thesis Hydraulic modelling of flow 
ramping related to river 
morphology and river geometry 

Tekle 2021 

Master's thesis Machine Learning Methods for 
Bathymetry Generation in Rivers 

Ahmed 2022 

Project sub report Testing of the ALB technology for 
the classification of Norwegian river 
systems  

University of Natural 
Resources and Life 
Sciences, Vienna 
(BOKU)  

2022 

Project sub report Application of airborne LiDAR 
bathymetry in Norway  

NORCE 2022 

Project sub report Remote sensing green LIDAR 
efficiently provides accurate high-
resolution bathymetric maps, but is 
limited by water penetration  

USN 2022 

Scientic 
publication 

 Quantitative Evaluation of 
Bathymetric LiDAR Sensors and 
Acquisition Approaches in Lærdal 
River in Norway. Remote 
Sensing. volum 15 (1). 

Adawalla, Mahmoud 
Omer Mahmoud; 
Malmquist, Christian; 
Stickler, Morten; 
Alfredsen, Knut. 

2023 

Scientic 
publication 

Comparison between Topographic 
and Bathymetric LiDAR Terrain 
Models in Flood Inundation 
Estimations. Remote 
Sensing. volum 14 (1) 

Adawalla, Mahmoud 
Omer Mahmoud; Juarez 
Gomez, Ana; Alfredsen, 
Knut. 

2022 

Scientic 
publication. 

Erfaringar med bruk av batymetrisk 
LiDAR for modellering av vassdrag. 
Submitted VANN 

Knut Alfredsen, Morten 
Stickler, Ingrid Alne, 
Ingvild Brekke, Lars 
Skeie, Ana Adeva Bustos, 
Ana Juaréz Gomez, 
Håkon Sundt, Mahmoud 
Omer Mahmoud 
Adawalla og Bjørn Otto 
Dønnum 

2022 

Scientic 
publication 

A Conflict between Traditional 
Flood Measures and Maintaining 
River Ecosystems? A Case Study 
Based Upon the River Laerdal, 
Norway. Water 13(14):18.  

Juárez, A., Alfredsen, A., 
Stickler, M., Adeva-
Bustos, A., Suárez, R. 

2021 
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Scientic 
publication 

 Regionalized linear models for river 
depth retrieval using 3-band 
multispectral imagery and green 
lidar data. Remote Sensing. volum 
13 (19). 

Sundt, Håkon; Alfredsen, 
Knut; Harby, Atle. 

2021 

Scientic 
publication 

 Combining green LiDAR 
bathymetry, aerial images and 
telemetry data to derive mesoscale 
habitat characteristics for European 
grayling and brown trout in a 
Norwegian 
river. Hydrobiologia. volum 849. 

Sundt, Håkon; Alfredsen, 
Knut; Museth, Jon; 
Forseth, Torbjørn. 

2021 

Scientic 
publication 

Accuracy and robustness of 
Airborne LiDAR Bathymetry across 
Nordic riverine environments. 

In prep.  2023 

Scientific 
publication (short 
comm.) 

Analysis of microtopographical 
roughness and grain sizes based on 
Airborn Bathymetric LiDAR: Field 
validation based on selected 
Norwegian rivers. 

In prep. Schmalfuss, L., 
Mandlburger, G., Flödl, 
P., Stickler, M., Paster, M. 
& Hauer, C. 

2023 
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