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ABSTRACT 

Characterization of air-water flows in real-world hydraulic structures is challenging due to 
limitations in instrumentation and due to the violent nature of the flows during spilling events. 
Therefore, design of hydraulic structures and fundamental assessments of air-water flows are 
conducted in the laboratory and often with instrumentation that allows for point measurements 
or time-averaged flow parameters only. Recently LIDAR technology has been introduced to 
measure the time-varying free-surface motions of air-water flows with high spatial and 
temporal resolution. To provide further confidence in the LIDAR technology, in the present 
study LIDAR measurements were compared against traditional point measurement devices 
including an intrusive air-water conductivity probe, wire gauges and acoustic displacement 
meters in aerated hydraulic jumps and stilling basins under controlled laboratory conditions. 
The comparative analysis revealed close agreement of the average flow depth of all instruments 
while the LIDAR provided additional benefits including simplicity of operation. Based upon 
this validation, the application of LIDAR technology for field-scale observations was explored 
in a weir structure in the field. Scanning continuously for more than 16 hours, the LIDAR 
provided continuously free-surface profiles in the subcritical non-aerated flows upstream of 
the weir and in the violent air-water flows downstream. These successful pilot trials at field-
scale are promising for future LIDAR measurements of flows at hydraulic structures at even 
larger scale. 
 

INTRODUCTION  

The free-surface of moving waters is of importance in many aeras of water resources engineering 
including flood forecasting, flow control and design of water infrastructure. Several measurement 
methods exist that can reliably measure the free-surface in such applications. However, when free-
surface elevations are changing with time and space or the free-surface become less well defined in 
aerated flows, the detection of the free-surface is much more complicated.  

In flow conveyance and energy dissipation structures, flows are often fully aerated, and the flows are 



characterized by intense free-surface fluctuations, free-surface roughness, as well as ejected droplets 
(Wilhelms and Gulliver 2005; Chanson 2013). The free-surface aeration occurs when the flow’s 
turbulence is large enough to overcome surface tension and buoyancy forces (Brocchini and Peregrine 
2001; Valero and Bung 2018). Due to the violent flow characteristics of flows in large scale hydraulic 
structures, very little research has been conducted at prototype scale apart from the pioneering work by 
Cain (1978), more recent intrusive high-velocity measurements in a prototype tunnel chute (Hohermuth 
et al. 2021) and a pilot remote sensing study using drone footage (Kramer and Felder 2021). Current 
research and engineering design approaches rely on numerical modelling and physical modelling in the 
laboratory while missing field-scale data are needed for validation.  

One parameter of interest is the free-surface of a flow, since this parameter is essential to estimate the 
flow depth across a structure and for flow control assessment. In the laboratory, the free-surface of air-
water flows is commonly measured at selected locations with acoustic displacement meters (ADMs), 
pointer gauges and wire gauges (WGs), while intrusive phase-detection air-water probes can provide 
time- and depth-averaged characteristic flow depths. While video camera techniques can also provide 
the flow depth, such measurements are typically conducted through the sidewall and boundary and flow 
bulging effects may affect the results. These measurement methods are limited by low spatial resolution 
and are difficult to deploy in the field due to the short measurement range and potential safety issues 
(Hohermuth et al. 2021). Prototype measurements of air-water flows in water infrastructure are however 
needed for validation of numerical models and often laboratory-based design guidelines.  

One potential technology to provide this missing information is LIDAR (LIght Detection And Ranging) 
which has been successfully tested in hydraulic physical modeling in recent years. LIDAR is a remote 
sensing technique which has been broadly applied in different water engineering disciplines such as 
environmental monitoring (e.g. Hilldale and Raff 2008; Kinzel et al. 2013) and coastal engineering (e.g. 
Blenkinsopp et al. 2010; Middleton et al. 2013). Several laboratory studies recently confirmed the 
applicability of LIDAR in typical air-water flow phenomena including hydraulic jumps in a prismatic 
channel (Montano et al. 2018), and in a stilling basin (Li et al. 2020; Macián-Pérez et al. 2020), high-
velocity air-water flows on a stepped spillway (Kramer et al. 2020) and in a water confluence (Rak et 
al. 2017). Herein the LIDAR technology has uncovered new characteristics of fully aerated hydraulic 
jumps including continuous free-surface time and length scales (Montano and Felder 2020), the 
importance of inflow conditions on the free-surface profiles (Felder et al. 2021) as well as the possibility 
to align previously scattered data along the jump roller (Li et al. 2021). While there is confidence in the 
use of LIDAR in air-water flows at laboratory scale (Kramer et al. 2020; Li et al. 2021), LIDAR 
technology may provide a new opportunity for prototype observations.  

Herein, this manuscript provides a validation of LIDAR technology in two laboratory experiments and 
the first application of LIDAR in a low-head weir structure in the field. In the laboratory, LIDAR was 
compared in a hydraulic jump against ADMs and wire gauges, and in a large physical stilling basin 
model against phase-detection intrusive probes. The comparison showed a close agreement in all 
instrumental techniques in terms of mean flow elevations validating the LIDAR at laboratory scale. In 
the field, the LIDAR recorded the free-surface elevations along a low-head weir structure during an 
overtopping event. Key results of all LIDAR tests are provided highlighting new opportunities for 
LIDAR deployment at field scale.   

 

METHODOLOGY 

A 2D industrial LIDAR (SICK LMS511) was used to measure free-surfaces of air-water flows in the 
laboratory as well as non-aerated and aerated flows across a low-head weir in the field. The LIDAR has 
a wavelength of 905 nm and a 190o field of view. The manufacturer specified the systematic and 
statistical errors of ±25 mm and ±6 mm, respectively. For the laboratory setup with distances of 
approximately 1.5 – 2.3 m between LIDAR and free-surface, simple tests with spacers showed a beam 
width of approximately 5 mm. For both laboratory and field applications, the same sampling parameters 
were used comprising a frequency of 35 Hz and an angular resolution between measurement points of 
0.25o. LIDAR measurements require adequate amount of light being reflected at a surface. In a non-
aerated flow, the LIDAR beam may penetrate deep into the flow. In aerated flows, the LIDAR beam is 
reflected at the air-water interface which his characterized by air-water interfaces and free-surface 
roughness which increase diffuse reflection which can be detected by the LIDAR. The same LIDAR 



has been successfully used in several previous studies (e.g. Montano et al. 2018; Li et al. 2021). 
Although laboratory tests showed difficulties to use LIDAR in non-aerated flows (Rak et al. 2017; 
Montano et al. 2018), field-scale tests with larger turbidity levels in the flow, as well as larger distances 
between LIDAR and the free-surface, may provide better signal returns (Blenkinsopp et al. 2010, Li et 
al. 2020). Present field tests therefore also tested LIDAR measurements in the non-aerated region of the 
weir in the field.  

For all experiments in the present study, the raw data of the LIDAR were acquired with the SOPAS 
engineering tool of SICK (2015). The raw data of distance between LIDAR and surface and the 
corresponding measurement angle were post-processed with MATLAB comprising a translation into 
Cartesian coordinates, a linear interpolation along the measurement transects and further statistical 
analyses of free-surface characteristics. Further details on the data processing can be found in Li et al. 
(2021). 

Additional measurements were performed with ADMs, WGs and a double-tip conductivity probe. The 
ADMs and WGs were used to record the free-surface elevations at 6 locations along the hydraulic jump. 
The conductivity probe was used to measure the air-water flow properties and the characteristic depths 
from the bed to the free-surface at selected locations within the stilling basin. The results of these 
classical instruments were compared with the LIDAR measurements in the laboratory.  

 

LIDAR APPLICATION IN A LABORATORY HYDRAULIC JUMP 

A classical hydraulic jump in a horizontal prismatic laboratory flume of 0.6 m width and 40 m length 
was simultaneously measured with LIDAR, ADMs and WGs for up to 30 minutes. The supercritical 
inflow of the hydraulic jump was controlled with a sluice gate with an upstream rounded corner. Further 
details about the experimental facility and the instrumentation can be found in Li et al. (2021). The 
hydraulic jumps were characterized by strong flow aeration and violent flow motions. Figure 1 shows 
a typical hydraulic jump with a supercritical inflow depth d1 = 0.041 m, an inflow Froude number Fr1 
= 3.5 and a Reynolds number Re = 9.2×104. Hydraulic jumps showed increasing flow aeration, energy 
dissipation and free-surface fluctuations with increasing Froude numbers within the present 
measurement range of up to Fr1 = 8 (Li et al. 2021). 

 
Figure 1. Hydraulic jump with Fr1 = 3.5 and Re = 9.2×104. 

For all hydraulic jumps, the free-surface properties were analysed and some typical results are presented 
in Figure 2. Figure 2a shows the instantaneous free-surface elevations y/d1 along the hydraulic jump at 
5 consecutive time steps relative to the dimensionless mean jump toe location (x-Xtoe)/Lr, where Lr is 
the roller length determined remotely with the LIDAR (Felder et al. 2021). As shown in Figure 2a, the 
LIDAR captured the strongly distorted instantaneous free-surface elevations along the jump roller with 
high spatial and temporal resolution.  

Figure 2b shows the time-averaged mean free-surface elevations simultaneously recorded with the 
LIDAR, ADMs and WGs in the same hydraulic jump. While AMDs and WGs were only able to measure 
the single point elevations, the LIDAR provided a continuous estimate of the free-surface profile as 
well as the jump toe motions. All data were aligned using the mean jump toe Xtoe, to allow a direct 
comparison of all data and to eliminate observer bias as shown by Li et al. (2021). The free-surface 
elevations measured with the LIDAR agreed well with the ADM and WG measurements along the jump 
roller showing slightly higher elevations for the ADMs and WGs of 12 mm (9%) on average for this 



flow condition. As shown in Li et al. (2021), the slightly higher elevations measured with the ADMs 
and WGs appeared to be linked with larger measurement footprint of the ADMs and the intrusiveness 
of the WGs. Despite these differences, the shape of the free-surface roller was consistently measured 
with all instruments. More advanced free-surface properties including free-surface fluctuations and 
characteristic frequencies of the free-surface motions were also addressed showing a close agreement 
between all instruments when aligned with Xtoe (Li et al. 2021).  

 
Figure 2. Free-surface elevations along an aerated hydraulic jump (Fr1 = 3.5, Re = 9.2×104): (a) 
instantaneous LIDAR profiles; (b) mean elevations measured with LIDAR, ADMs and WGs. 

 

LIDAR APPLICATION IN A LABORATORY STILLING BASIN  

In a second application, the same LIDAR was used to record the free-surface of the hydraulic jumps in 
a stilling basin with width W = 1.54 m and length L = 1.47 m (Figure 3). The free-surface elevations 
were measured along 6 transverse and 7 longitudinal cross-sections along the basin to provide a 3D map 
of the free-surface. At each cross-section, the LIDAR sampled for 30 minutes. At a flow rate of Q = 
0.15 m2/s corresponding to Fr1 = 8.7 and Re = 1.5×105, the flows were strongly aerated (Figure 3). The 
free-surface elevations measured with the LIDAR were compared with the characteristic air-water flow 
elevations measured with a conductivity probe at selected locations within the basin.  

 
Figure 3. LIDAR positioned above a hydraulic jump in a stilling basin, Fr1 = 8.7, Re = 1.5×105. 

Figure 4a shows five typical instantaneous free-surface profiles along a longitudinal cross-section with 
a time interval of 0.029 s showing the strong variation in free-surface elevations. Figure 4b shows the 
comparison between a typical mean elevation profile recorded with the LIDAR and the characteristic 
air-water flow depth y50 (i.e. elevation corresponding to a local time-averaged void fraction of 50%) 
measured with the conductivity probe. The higher LIDAR measurement at the first conductivity probe 



location (x/L = 0.19) was due to significant water droplet ejections close to the jump toe. Overall, the 
free-surface measured with the LIDAR agreed well with y50 (Figure 4b), and the LIDAR was able to 
measure all free-surface features continuously along the stilling basin (Figure 4b).  

 
Figure 4. Free-surface elevations in stilling basin (Fr1 = 8.7, Re = 1.5×105): (a) instantaneous 
LIDAR profiles; (b) mean elevation measured with LIDAR and characteristic air-water flow 

depth y50 measured with conductivity probe. 

The LIDAR measurements along the longitudinal and transverse cross-sections were used to construct 
a free-surface map of the hydraulic jump elevations in the stilling basin. The combination of 
longitudinal and transverse free-surface profiles is shown in Figure 5a, while Figure 5b provides a 
detailed and integrated time-averaged free-surface map of the complex flows inside the stilling basin 
(Figure 5b). The 3D mapping can act as a new tool for hydraulic structures design engineers by 
providing spatial resolved elevations. The jump toe location (x/L ≈ 0.09) and the continuously 
increasing free-surface elevations are visualized. The transverse spatial variation across the width of the 
basin indicates the strong three-dimensional flow motions within the basin.  

 
Figure 5. Free-surface of the hydraulic jump in the stilling basin (Fr1 = 8.7 and Re = 1.5×105): 

(a) mean free-surface profiles; (b) free-surface mapping. 

 

LIDAR APPLICATION IN A LOW-HEAD WEIR IN THE FIELD 

The free-surface of a low-head weir structure downstream of a causeway was continuously measured 
with the LIDAR (Figure 6). The weir is located along Manly Creek, NSW, and was overtopped during 
a release of water from Manly Dam during March 2021. The LIDAR was tested in two scenarios. As 



shown in Figure 6a, the LIDAR was fixed on a metal handrail to record the change of free-surface 
elevations approximately along the centreline of the weir. In the second test scenario a few days after 
the major overtopping event (Figure 6b), the LIDAR was used to record the free-surface of the flows at 
8 transverse locations across the weir. For the weir flows, both non-aerated flow upstream of the weir 
and the air-water flow region downstream of the weir were measured with the LIDAR (Figure 6).  

 
Figure 6. LIDAR measurements at a low-head weir structure: (a) longitudinal measurements 

during an overtopping event; (b) transverse measurements of flows downstream of weir.  

Similar to the stilling basin mapping, the free-surface elevations measured with the LIDAR across the 
width of the weir structure (Figure 6b) were used for free-surface mapping of the weir flows. Figure 7a 
shows the median free-surface profiles at the 8 transverse cross-sections, which resembled the 
characteristic features seen in Figure 6b. Importantly, the LIDAR was able to measure the free-surface 
of both aerated and non-aerated flows. Although the amount of valid signal returns was less than 1% in 
the non-aerated region, NaN values for non-recorded data as well as meaningless outliers were not 
considered by using the median values of the free-surface elevations (Figure 7). In contrast, the aerated 
flow had a much higher return rate of free-surface data allowing in addition to median elevations also 
the calculation of more advanced free-surface parameters such as free-surface fluctuations and 
characteristic frequencies (not shown here). Figure 7b presents the free-surface map of the flow across 
the weir showing a close agreement with the visual field observations (Figure 6b). The smooth free-
surface upstream of the weir and the nappe profile downstream of the weir were captured as well as the 
standing wave across the channel width (x > 2.5 m). 

 

 
Figure 7. Free-surface elevations across the weir: (a) mean free-surface profiles; (b) free-surface 

map.  

The weir overfall was measured for 16.5 hours with the LIDAR (Figure 6a). For the sampling period, 
Figure 8a shows the instantaneous free-surface elevations relative to the weir crest at approximately 3 
m upstream of the weir. The amount of non-detected data at this specific location was as low as 0.4%. 
The good signal quality at this location was potentially due to the position of the LIDAR, strong free-



surface turbulence as well as suspended particles in the water.   

The instantaneous LIDAR data were smoothed over a window of 15 minutes to allow a direct 
comparison with the Manly Creek level recording just upstream of the causeway by the Northern 
Beaches Council and provided by Manly Hydraulics Laboratory (MHL) (Figure 8b). The variation of 
water elevations during the whole sampling time compared well between the LIDAR measurements 
and the creek level observations (Figure 8). The change of the free-surface elevations followed similar 
trends suggesting that the LIDAR can accurately monitor the water levels in the field. The consistently 
higher elevations (0.05 m) measured with the LIDAR can be explained with the different measurement 
locations (i.e. level logger upstream of the causeway versus LIDAR downstream of the causeway) and 
potential inaccuracies in reference to the weir crest.   

 
Figure 8. Time series of water levels upstream of the weir: (a) LIDAR measurements; (b) water 

level measured with level logger (MHL data). 

 

CONCLUSIONS 

LIDAR technology was applied to measure the free-surface elevations in air-water flows in the 
laboratory and non-aerated and aerated flows in the field. The laboratory measurements of free-surface 
elevations in hydraulic jumps in a prismatic channel and in a stilling basin respectively confirmed the 
reliability of LIDAR compared to classical instruments (i.e. ADMs, WGs, conductivity probe). The 
field experiments in the present study confirmed the applicability of LIDAR technology for 
measurements of time-varying free-surface elevations in both aerated and non-aerated regions of a low-
head weir structure. The LIDAR was able to accurately measure the free-surface elevations when 
compared against an independent water level logger showing the LIDAR’s suitability to remotely act 
as a water level logger which could be of relevance to many water resources applications. This research 
paves the way for further deployment of LIDAR technology in large scale hydraulic structures that 
could provide new fundamental insights into flows at real-scale, as well as missing validation data for 
numerical models and laboratory-based design guidelines.  
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