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Abstract. Flood monitoring in data-scarce tributaries remains limited by the
high cost of conventional hydrometric infrastructure. This paper presents a com-
parative evaluation of three low-cost non-contact sensors, two LIDAR and one
ultrasonic, for river level measurement, validated through controlled laboratory
tests and real-world bridge deployments under contrasting weather conditions.
Results reveal three key findings: (1) direct solar radiation reduces LiDAR avail-
ability by up to 67%, with severity depending on sensor design, (2) wide-angle
line-beam optics provide up to 8X improvement in measurement stability over
dynamic water surfaces compared to narrow spot-beam configurations; and (3)
water turbidity confirms improved LiDAR accuracy. ISO 4373:2022 benchmark-
ing shows that the ultrasonic sensor achieves consistent availability across con-
ditions, while LiDAR sensors require careful design-level selection based on
deployment environment.

1. Introduction

Floods account for the largest share of natural disaster fatalities and economic losses
worldwide, since the 1970s, 44% of all recorded disaster events have been flood-related
[Jonkman 2005, [Portner et al. 2022]]. A warmer atmosphere holds approximately 7%
more moisture for every 1°C of warming [Portner et al. 2022], intensifying extreme pre-
cipitation events. In regions such as Brazil’s Vale do Itajai, recurrent flooding has caused
significant socioeconomic impacts [Santos et al. 2014], a situation expected to worsen
under climate change projections. The catastrophic 2024 floods in Rio Grande do Sul,
where human-induced climate change made the extreme rainfall event twice as likely
[Otto et al. 2024, further underscore the urgency of improved monitoring infrastructure.

These  trends align with UN  SDG 11 and SDG 13
[United Nations General Assembly 20135]] and the Sendai Framework
[United Nations Office for Disaster Risk Reduction 2015]], which emphasize expanding
early warning systems in vulnerable regions. However, conventional hydrometric stations
rely on expensive equipment, limiting deployment to major waterways while data-scarce
tributaries remain unmonitored [Borgaetal. 2014]. The convergence of low-cost
sensors, IoT microcontrollers, and LoRaWAN communication [Sun et al. 2022]] enables
affordable monitoring nodes for these gaps [Kabi et al. 2023| [Tawalbeh et al. 2023]].

Two aspects of low-cost LIDAR behavior over water remain unquantified. First,
although ambient sunlight is a recognized noise source in LIDAR, no published work mea-
sures its effect over water, where reflectivity is inherently low, creating marginal signal-
to-noise conditions. Second, all existing LiDAR water-monitoring studies employ narrow
spot-beam sensors; none evaluates how wide line-beam geometry affects measurement
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stability over dynamic surfaces. More broadly, the literature lacks a side-by-side com-
parison of ultrasonic and LiDAR sensors under identical environmental stressors within a
complete lab-to-field validation pipeline.

This paper addresses these gaps through a Lab-to-Bridge evaluation of three
low-cost sensors (two LiDAR, one ultrasonic), first characterized under controlled en-
vironmental stressors, then deployed on a river under rainy and sunny conditions. The
main contributions are: (1) identification of solar radiation as a critical, sensor-design-
dependent LiDAR limitation for water level monitoring; (2) characterization of beam ge-
ometry (line-beam vs. spot-beam) as a sensor selection criterion; and (3) ISO 4373:2022
compliance benchmarking under field conditions.

2. Related Work

Recent reviews have consolidated advances in sensing, communication, and Al-
enabled systems for environmental monitoring [Kupper et al. 2025, Wu et al. 2023,
Mohindru 2023]]. Among low-cost non-contact options, ultrasonic sensors are the most
widely adopted, with evaluations reporting mean errors below 2% at distances up to
4 m [Pereira et al. 2022], sub-millimeter resolution [Mohammed et al. 2019]], and sub-
centimeter temperature-compensated accuracy [MasoudiMoghaddam et al. 2024]]. How-
ever, ultrasonic sensors are limited by range (<5 m), temperature sensitivity, and wind
susceptibility [Tarulescu and Tarulescu 2014].

LiDAR-based water level measurement is less explored.  Terrestrial Li-
DAR presents challenges with specular reflection on clear water [Paul et al. 2020],
though inclined installations have shown promise for flash flood detection
[Tamari and Guerrero-Meza 2016] and near-infrared LiDAR requires a minimum
turbidity of ~700 NTU for reliable detection [Jannata et al. 2021]. Several LoRa-
based flood monitoring systems have been validated, including 18-month deployments
[Kabi1 et al. 2023]], autonomous solar-harvesting monitors [Ragnoli et al. 2020]], and
beat-frequency sensors achieving millimeter accuracy [DAQO et al. 20235]].

Despite these advances, no prior work has systematically compared LiDAR and
ultrasonic sensors under contrasting environmental conditions for river monitoring, nor
has beam geometry been considered as a selection criterion.

3. Materials and Methods

Five non-contact sensors were initially considered. After preliminary testing, two were
eliminated: the TF-Luna LiDAR was excluded because its maximum range of 7 m is
insufficient for typical bridge-to-river distances and it shares the same optical design as
the TF02-Pro, making it redundant; the HC-SR04 ultrasonic sensor was excluded due
to its lack of environmental sealing and low range, which makes it unsuitable for out-
door deployment under rain and humidity. The remaining three sensors advanced to full
evaluation (Table [I)).

A three-phase Lab-to-Bridge approach was adopted (Table [2), designed to pro-
gressively increase environmental complexity while isolating specific variables that affect
sensor performance.

In Phase 1, sensors were evaluated for distance accuracy (5-25 m against a solid
wall, reference distances measured with tape measure), rain interference (simulated heavy
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Table 1. Sensors selected for comparative evaluation.

Sensor Type Range Beam Sunlight
TFO02-Pro LiDAR 0.1-40 m 3¢ spot 100 kLux
TF-Nova LiDAR 0.1-14 m 14°x1°line Not rated
JSN-SR0O4T Ultrasonic 0.23-6 m Conical Immune

Table 2. Summary of the three-phase evaluation methodology.

Phase Objective

Tests

Outputs

1 Controlled

Distance range,

Sensor limits,

environment rain interference, baseline accuracy
water surface
2 Bridge Point measurements Field accuracy,
validation at4.l mand 54 m  beam geometry
3 Extended field Multi-hour rainy ISO 4373 class,
deployment and sunny operation env. sensitivity

rainfall), and water surface detection (1-3 m over clear and turbid water). Phase 2
consisted of point measurements at two bridges over a river under overcast conditions.
Phase 3 comprised two multi-hour deployments at the same bridge (~3.1 m sensor-to-
water) under contrasting weather: overcast/rainy (Feb 7, 2026; 5 hours; 11 mm rainfall)
and clear sky/sunny (Feb 8, 2026; 3.5 hours). Two LoRaWAN sensor nodes transmitted
readings every 1-2 minutes.

Each wake cycle acquires a burst of 10 distance readings, applies median filter-
ing, and performs temperature compensation for ultrasonic measurements. An adaptive
transmission strategy (Table [3) adjusts the duty-cycle interval based on the percentage
change between consecutive readings, ensuring high temporal resolution during flood
events while conserving energy during quiescent periods. Expressing thresholds as a per-
centage of measured distance makes the algorithm self-normalizing across deployment
heights. Post-hoc simulation against the field data showed that the 1%/3% configura-
tion achieves 84% energy savings compared to the 1-2 minute test intervals while still
resolving the river level rise dynamics.

Measurement  uncertainty was assessed per ISO 4373:2022
[International Organization for Standardization 2022]]:  direct standard deviation for
stable-river conditions, and de-trended residual analysis (moving-average subtraction,
window=>5) for changing-river conditions. Inter-sensor uncertainty was computed from
123 simultaneous co-located readings (ois/ V?2).

3.1. Deployment Context

The sensor nodes communicate via LoRaWAN, a low-power wide-area protocol that
achieves ranges up to 11 km in rural environments with an energy cost of 82.2 uWh
per message [Orlovs et al. 2025]]. The field deployments were conducted with infrastruc-
ture provided by the IoTec LAB, which has a project that comprises 20 gateways span-
ning 8 municipalities and serving a population of approximately 578,000 inhabitants in
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the Foz do Rio Itajai region. This existing infrastructure demonstrates the scalability of
LoRaWAN-based monitoring for river basins. Figure[I|shows the bridge deployment site.

Figure 1. Lateral view of Bridge 2 from the river margin, showing the bridge
structure and surrounding environment at the field deployment site.

4. Results

Water surface detection tests at 1-3 m over clear and turbid water revealed two key find-
ings:

Table 3. Adaptive transmission strategy: duty-cycle intervals based on percent-
age change between consecutive readings [Ma et al. 2017].

Condition Change Between Readings Transmission Interval
Stable base-flow < 1% of distance 15 minutes
Moderate activity 1-3% of distance 5 minutes
Rapid change > 3% of distance 2 minutes

Turbidity improves LiDAR accuracy. Consistent with prior observations, turbid
water improved LiDAR performance. The TF02-Pro error decreased from +7.2% (clear)
to +2.0% (turbid) at 1 m, and its standard deviation at 3 m dropped from 50.0 mm to
22.2 mm. This is explained by Mie scattering from suspended particles enhancing surface
reflectivity at near-infrared wavelengths [Bohren and Huffman 1998]], consistent with the
minimum turbidity threshold of ~700 NTU reported in prior work [Jannata et al. 2021].
This finding is favorable for flood monitoring, since turbidity peaks precisely when accu-
rate measurement is most critical.

TF-Nova beam interference. The TF-Nova’s wide 14° line beam caused anoma-
lous readings in confined environments, detecting tank edges at 3 m. During the rain
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interference test, the wide beam detected the water spray curtain at 45 cm instead of the
500 cm target, while the TF02-Pro and JSN-SR04T were unaffected.

4.1. Field Deployment — Rainy Day

During the 5-hour overcast/rainy deployment (Feb 7), all three sensors tracked a 229 mm
river level rise during a rainfall event (11 mm total precipitation), with consistent cross-
sensor agreement (Figure [2).
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Figure 2. Sensor distance readings during rainy deployment (Feb 7, 2026).
All sensors consistently track the 229 mm river level rise from 16:00 to
19:00 BRT.

Co-located TF-Nova and JSN-SRO4T readings (123 simultaneous samples)
showed a systematic offset of 54.9 mm (TF-Nova reading higher) with o4 = 17.3 mm,
yielding a per-sensor uncertainty of ~12.2 mm. All sensors achieved ~95% valid reading
rates under overcast conditions.

The DHT11 temperature sensor on the ultrasonic node failed during both deploy-
ments, causing the JSN-SRO4T to use a fixed fallback temperature of 25°C for speed-of-
sound compensation. A post-hoc correction using concurrent temperature readings from
the second node (206 paired readings) showed mean corrections of 15 mm (0.50%) on
the rainy day (28°C ambient) and 61 mm (1.86%) on the sunny day (36°C ambient). The
sunny-day bias exceeds the ISO 4373 Class 3 threshold (< +1%), confirming that a func-
tioning temperature sensor is essential for ultrasonic deployments in environments with
significant thermal variation (Figure [3)).

4.2. Field Deployment — Sunny Day

The clear-sky deployment (Feb 8) revealed the most significant finding of this study:
ambient solar radiation as a dominant sensor-dependent failure mode (Table [)).

The TF-Nova experienced progressive degradation correlating with increasing so-
lar irradiance: valid readings dropped from 69% in the morning to complete failure (0/50
readings) from 11:28 to 13:26 BRT. The TF02-Pro, operating on the same power rail,
maintained 94.6% availability under identical conditions, ruling out power issues and
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JSN-SROA4T Ultrasonic: Effect of DHT11 Failure on Temperature Compensation
Field deployment at Bridge 2
Rainy Day (Feb 7, 2026) Sunny Day (Feb 8, 2026)
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Figure 3. Effect of DHT11 failure on JSN-SR04T temperature compensation. Left:
rainy day (28°C); right: sunny day (36°C). Upper panels: stored readings
(red) vs. corrected (blue). Lower panels: correction magnitude (green) and
ambient temperature (orange).

Table 4. Sensor performance during sunny deployment (Feb 8, 2026).

Sensor Valid Rate Mean (mm) o (mm) Outliers
TF-Nova (LiDAR) 31.1% 3288.5 9.7 0
TFO02-Pro (LiDAR) 94.6% 3355.1 67.5 4
JSN-SRO4T (Ultrasonic) 94.4% 3251.3 9.8 2

confirming sunlight as the cause. The JSN-SR04T, operating in the acoustic domain, was
completely immune.

This sensor-dependent vulnerability is explained by two design factors: the TF-
Nova’s 905 nm wavelength sits closer to the solar near-infrared peak than the TFO2-Pro’s
850 nm, and its wide 14° beam collects more ambient photons. The TF02-Pro was explic-
itly engineered for outdoor operation with 100 kLux ambient light immunity, while the
TF-Nova has no sunlight rating. Water’s low reflectivity and high solar intensity creates
conditions where these differences become critical.

Figure H] illustrates the dramatic contrast in TF-Nova behavior between overcast
and sunny conditions.

4.3. Beam Geometry Effect

Bridge validation tests revealed a consistent advantage of the TF-Nova’s line beam: up to
8 lower measurement variance than the TF02-Pro over water surfaces. The TF-Nova’s
14° line beam illuminates an elongated footprint (~1.3 m at 5.4 m) that spatially averages
wave peaks and troughs, acting as a low-pass filter. The TF02-Pro’s 3° spot (~0.28 m
footprint) captures instantaneous surface variations. Figure [5|shows the TF-Nova’s wide
aperture responsible for this effect.
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(a) Overcast/Rainy Deployment — February 7, 2026
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Figure 4. TF-Nova readings under overcast/rainy (Feb 7) versus sunny (Feb 8)
conditions. Under overcast skies, readings are continuous and stable; un-
der direct sunlight, availability drops to 31% with complete failure after
11:28 BRT.

This line-beam integration effect represents a trade-off: superior precision over
open water but interference in confined environments (narrow channels, heavy rain cur-
tains).

4.4. 1SO 4373:2022 Compliance
Table [5| presents the ISO 4373:2022 performance classification results.

The JSN-SRO4T is the only sensor achieving ISO 4373 compliance with reliable
availability across all conditions. Its rainy-day uncertainty (6.8 mm, 0.22%) approaches
Class 2, comparable to the ISO standard’s reference performance for radar/laser sensors
(5—10 mm). The TF02-Pro exceeded the Class 3 threshold due to spot-beam sensitivity to
instantaneous water surface variations; multi-sample averaging would likely improve its
classification. The TF-Nova achieved Class 3 precision (¢ = 9.7 mm) when operational,
but its 31% sunny-day availability limits practical deployment to shaded or overcast sites.

5. Discussion and Conclusion

This paper presented a comparative evaluation of three low-cost non-contact sensors for
river level monitoring through controlled tests and field deployments under contrasting
weather. The key contributions are: (1) identification of ambient solar radiation as a
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| -
Figure 5. Optical aperture of the TF-Nova LiDAR. The wide emission window cre-

ates the 14° line-beam pattern responsible for the spatial averaging effect
observed in field tests.

Table 5. ISO 4373:2022 performance classification (Class 1: <0.1%, Class 2:
<0.3%, Class 3: <1.0%).

Sensor Condition ¢ (mm) Uncert. (%) Valid Rate Class
JSN-SRO4T  Sunny 9.8 0.30 94.4% 3
JSN-SR0O4T Rainy 6.8 0.22 99.2% ~2
TF-Nova Sunny 9.7 0.30 31.1% 3*
TF-Nova Rainy 14.7 0.47 100% 3
TF02-Pro Sunny 67.5 2.01 94.6% >3
TF02-Pro Rainy 51.6 1.58 100% >3

*Class 3 precision achieved but limited by 31% availability.

critical, sensor-design-dependent LiDAR limitation (TF-Nova 31% vs. TF02-Pro 95%
availability under identical sunny conditions); (2) characterization of beam geometry as
a selection criterion, with the 14° line beam providing up to 8 stability improvement
over spot beam; and (3) demonstration that water turbidity improves LiDAR accuracy
[Jannata et al. 2021]], favorable for flood monitoring where turbidity peaks when mea-
surement is most critical.

These findings yield practical sensor selection guidelines. For bridges <4.5 m,
the JSN-SRO4T is recommended: IP67 protection, sunlight immunity, and ISO 4373
[International Organization for Standardization 2022] Class 3 compliance (approaching
Class 2 under rain). For bridges >4.5 m with sun exposure, the TFO2-Pro maintains 95%
availability but needs multi-sample averaging for ISO compliance. For >4.5 m shaded
sites, the TF-Nova offers superior precision via its line-beam integration effect.

Some limitations apply: ~12 hours of field data across two deployments, tape
measure reference (~20-30 mm uncertainty), and only two bridge sites. These do not af-
fect relative sensor comparisons but constrain absolute accuracy assessment. Future work
should include multi-month deployments with calibrated reference gauges, further testing
of solar radiation and wind effects, and network-scale validation leveraging infrastructure
such as the loTec LAB regional LoRaWAN network.
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