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Abstract
Background: Accurate elevation data of network junctions are ‘essential for hydraulic modeling of

water distribution systems. Traditional /ground-based¥surveysmare costly and time-consuming for
extensive urban networks. This study evaluates,airborné LiDAR data for decimeter-accuracy elevation
extraction of water distribution network junctions and assesses its implications for hydraulic modeling.
Methods: Airborne LIDAR data (4.2 points/m2)“were acquired from a 2.8 km? residential area in
Johor Bahru, Malaysia. A 1 m rgselution Digital Elevation Model (DEM) was generated using the
natural neighbors interpolation algorithm in ArcGiSwElevation values were extracted for 4,823
network junctions. Validatign' used 320 GPS-RTK ground control points (sub-2 cm accuracy).
Statistical indicators (Mean‘ErrorpRMSE, Maximum Absolute Error) were calculated.

Findings: The DEM achieved a mean efrer, of +0.03 m, RMSE of 0.11 m, and maximum absolute
error of 0.24 m. The minimumpdetectable elevation difference was 0.08 m (0.08% slope over 100 m).
The minimum detectable elevation“difference was 0.08 m (0.08% slope over 100 m). This value
represents the sensitivity of the LiDAR=derived DEM for detecting elevation differences, which is a
key component of hydraulic head calculations in pressurized networks. In gravity-fed sections, it also
assists in determining naturabpipe slopgs (recommended minimum: 0.1-0.5% for PVC pipes).
Conclusion: Airborne LiDAR with moderate point density (4 points/m?2) provides sufficient vertical
accuracy (RMSE = 0.11 m) for elevation extraction of water distribution network junctions in flat
urban areas. This accuracy meets hydraulic modeling requirements for pressure zone analysis, leakage
detection, and EPANET calibration. The methodology can reduce field surveying costs by 90-95%
and enable rapid GIS database updates for water utilities.

Keywords: LIiDAR; Digital Elevation Model; Water Distribution Network; Hydraulic Modeling;
GPS-RTK; Accuracy Assessment; EPANET
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1. Introduction The relationship between DEM accuracy and
Water distribution networks represent critical hydraulic model performance has been
urban infrastructure  requiring  accurate examined by Meirose et al. (2024) who
hydraulic modeling for optimal management, showed that DEM resolution significantly
leakage reduction, and reliable service affects stream delineation and consequently
provision (Mays,2010). The accuracy of hydrological simulations. For  water

hydraulic models fundamentally depends on
the quality of input data, with junction
elevations being among the most influential
parameters affecting pressure calculations,
flow direction determination, and system
calibration (Walski, 2006).

Traditional methods for acquiring junction
elevation data include optical leveling, total
station surveys, and ground-based GPS
measurements. While these methods can
achieve vertical accuracies of 1-5 cm, they are
characterized by significant limitations when
applied to extensive urban networks: high
costs ($50-100 per point), extended field time
(2-3 weeks for a 2.8 km? area), physical

distribution networks, the minimum detectable
ion difference determines the ability to
atural pipe slopes and gravity-driven
terns. For PVC pipes with 150 mm
ommended minimum slopes
0.5% America Water
), corresponding to
.1-0.5 m over 100 m

elevation data is particularly
t for rural water networks where
demand allocation uncertainties can
cantly affect model calibration (Hosseini
jad, 2017).

accessibility constraints, and lack of scalability In the t of Iranian water resources
for periodic updates (Hodgson et al. 2003 research, the Journal of Hydraulics has
Light Detection and Ranging (Li several relevant studies.
technology has emerged as a powerful re hsavandi et al. (2024) successfully

librated a laboratory water distribution
etwork using both hydraulic and water quality
easurements, emphasizing the role of field
in enhancing model reliability. This study
ights the importance of accurate hydraulic
model calibration—a process that critically
depends on  precise elevation  data.
Furthermore, the application of high-resolution
floodplain mapping, fores and elevation data in hydraulic modeling has been
urban planning, but its direct a explored. Sohrabi et al. (2025) conducted a
water distribution network elevatio : two-dimensional flood simulation using UAV
acquisition has received d and satellite data, demonstrating that high-
investigation. resolution elevation data can significantly
Recent advances i improve the accuracy of hydraulic models, a

sensing solution capable of acquiring millio
of three-dimensional points over large areas
with high speed and accuracy (liu, 2008).
Airborne LiDAR systems can ag point
densities of 4-20 points/m?
accuracies of 0.05-0.15 m
optimal conditions (Unger et
technology has been wi

and DEM generati i finding directly relevant to the use of LiDAR
potential for su i data in the present study. Additionally, the
extraction in vario D ions. nski integration of GIS with hydraulic modeling has
et al. (2023) reported been addressed by Mohammadi et al. (2017),
0.08-0.15 m for UAV-LiDA who evaluated the hydraulic performance of
terrain, while Vakily.(2024), obtained similar distribution structures in an irrigation network,
accuracies using different ground filtering demonstrating the potential of spatial analysis
algorithms in Norwegian urban areas. The in water distribution management.
integration of LiDAR-derived elevation data Collectively, these studies, published in the
with hydraulic models has been explored in Journal of Hydraulics, underscore a growing
several studies, with Dongare et al. (2024) trend toward the use of GIS, high-resolution
demonstrating improved model calibration elevation data (UAV/LiDAR), and advanced
using high-resolution elevation data in an calibration methods to address operational
Indian water distribution system. challenges in water networks. However, a

notable research gap remains: the systematic
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evaluation of airborne LiDAR data accuracy
for elevation extraction of water distribution
network junctions has yet to be fully addressed
within the Iranian context.

This study aims to evaluate the capability of
airborne LiDAR data for decimeter-accuracy
elevation extraction of water distribution
network junctions, with specific objectives:

1. To generate a 1-meter resolution DEM from
airborne LiDAR data and extract elevation
values for all network junctions

2. To validate the extracted elevations against
high-accuracy GPS-RTK ground control points
3. To assess the spatial distribution of errors
and identify contributing factors

4. To evaluate the implications for hydraulic
modeling applications

7 4 N ; 7 /.
ig. 1 Study area location map (Taman
ini, Johor Bahru, Malaysia)

2. Study Area and Data
2.1. Study Area Description
The research was conducted in Taman Mutiara
Rini, Johor Bahru, Malaysia (1°30'57"—
1°31'52" N, 103°3724"-103°38'52" E) 1
2.8 km? residential catchment was s
based on three criteria:

2.2. LiDAR Data Acquisition

AR data were acquired in March
using an Optech ALTM Gemini scanner
ounted on a fixed-wing platform. Key
cquisition parameters are presented in Table
1.

Topography: The area exhibits relatively flat
terrain with elevation ranging from 22 to 31 m
above mean sea level and average e
than 2%. This low-relief
represents a challenging
elevation-based analyses

sensitivity of LIDAR-derived
Network Density: The
network comprises 1,807 activ
4,823 junctions including valves (312);
(894), fire hydrants (56, voirs (2), a
meter-boxes (1, i
constructed from PV,
Data Availability:
asset data and
provided by Sye
(SAJH), the regional

data were delivered in 136 .las files,
including Digital Surface Models (DSMs),
gital Terrain Models (DTMs), and 1-meter
contour lines (Credent Advanced Technology
Sdn. Bhd. 2009).

2.3. Ground Control Data

Thirty-two ground control points were
surveyed using dual-frequency GPS-RTK
receivers with sub-2 cm vertical accuracy.
Points were randomly distributed across the
study area and positioned on accessible
network junctions (valves and meter-boxes) to
ensure representative sampling of all
topographic conditions.

Air Johor Hg
hority.
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Table 1 Specifications of airborne LiDAR data

(1:1 Parameter Value Unit Description
. . Standard value for airborne
1 Flying height 1,200 m AGL LiDAR
Standard value for Optech
2 Scan angle +18 degrees ALTM Gemini
3 Pulse rate 100 Standard operating frequency
4 Point density (first 4.2 points/m? Estimated from raw data
return)
5 Point dens1.ty (ground- 3.8 oints/m? After ground filtering
classified)
6 Vertical accuracy 0.09 SE From sensor specifications
(reported)
Vertical accuracy Validated with 32 GPS
7 . .
(independent) control points
8 Horizontal accuracy From sensor specifications
9 Coordinate system M Zone 48 WGS84 datum
10 Number of raw files Jlas files Delivered by contractor
t Advanced L
11 Data source ology Sdn. Bhd. B Acquisition contractor
12 Acquisition date - Leaf-on conditions
13 Project -
2.4. Network Asse All data were captured at 1:1,000 scales with

SAJH provided 12 shape
- Transmission mains: 47 feat
mm diameter

- Reticulation pipes: 1,346 features, PVC, 100-
150 mm diameter

- Service connections: 1,223 features, PE, 25
mm diameter

- Junction features: 312 valves, 894 fittings, 56
hydrants, 2 reservoirs, and 1,126 meter-boxes

reported positional accuracy of 0.3 m.

3. Methodology

3.1. LiDAR Data Processing

Data processing was performed in ArcGIS 9.3
using 3D Analyst and Spatial Analyst
extensions, following established workflows
for DEM generation (Zeiler, 1999).
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gital Elevation Model generated from
airborne LiDAR data

Junction Elevation Extraction
etwork junctions were extracted as
s o a poi ¢ class. The Extract Values to
B — Points tool was used to sample DEM pixel
h junction location, with extracted
ored in a dedicated attribute field
_ LiDAR) at 0.01 m precision. Figure 5
hows a sample of the extracted elevation
values for network junctions, demonstrating
spatial distribution and precision (0.01 m

ution) of the LiDAR-derived data.

DISCUSSION,

Fig. 2 LiDAR data processing workfl
flowchart

3.1.1. Preprocessing
Raw .las files were processed using the LAS
Dataset toolbox with the following :

- Point filtering: retention of grg
points only (class 2)

- Outlier removal: statistica
threshold to eliminate a
values

selected due to itsgproven perfo
urban environment kily, 2024).

A 1l-meter resolu

using the natural n - T — .

Fig. 4 Spatial distribution of LiDAR-derived
elevation values for network junctions

variations while maintaining co
efficiency (Lohr, 1998).The processing
workflow included:

1. TIN generation from ground-classified
points

2. TIN-to-raster conversion with bilinear
resampling
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F.”

Fig. 5 Distribution of GPS ground control
points across the study area

3.2. Accuracy Assessment

Validation was conducted using the 32 GPS
ground control points. Statistical indicators
calculated included [15]:

Mean Error (ME):
Ziipar - Z
ME = X( LlDAE GPs )

Root Mean Square Error (RMSE):

\/Z( ZLiDA;{l ~Zgps )

RMSE =

Maximum Absolute Error (MAE):
MAE = max|ZZypar - Zgps }
Standard Deviation (SD):

Zy: _7Z
SD :\/Z( LiDAR - Zgps |
n—1

These indicators represent
standards for DEM accuracy assess
hydrological and geospati aiti
2008).

3.3. Hydraulic
The implications
assessed through:

- Comparison of LiDAR-derived
with conventional elevation sources (1:50,000
topographic maps)

- Analysis of minimum detectable slope
relative to PVC pipe requirements

- Evaluation of cost and time efficiency
compared to traditional survey methods

- Assessment of spatial error patterns for
targeted field verification.

4. Results
4.1. DEM Generation
Elevation Extraction

and Junction

The generated DEM successfully covered the
entire study area with 1-meter resolution.
Processing time was approximately 47 seconds
Core 15 processor with §GB RAM.
e statistics of extracted elevation

ics of LIDAR-derived
s (n=4,823)

Value (m)

22.14

31.87

26.93

Median 26.81
Standard Deviation 2.34
25th Percentile 25.02
75th Percentile 28.79

Fig. 6 Spatial distribution of elevation errors

The elevation range of 9.73 m confirms the
relatively flat topography of the study area,
which presents challenges for elevation-based
analyses.
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4.2. Validation Results

Comparison of LiDAR-derived elevations with
32 GPS ground control points yielded the
results presented in Table 3.

Summary statistics are presented in Table 4.

Table 3 Validation results of LIDAR-derived elevations against 32 GPS ground control points

Point ID X (UTM) Y (UTM) Z GPS(m)/ | Z LiDAR(m) | Error (m)
GPS-01 345,678.12 | 9,123,456.78 24.56 24.58 +0.02
GPS-02 345,690.45 9,123,460.23 25 -0.03
GPS-03 34570278 | 9,123,463.89 -0.02
GPS-04 34571534 | 9,123,467.12 26.31 -0.03
GPS-05 34572856 | 9,123,470.45 25.82 +0.04
GPS-06 34574189 | 9,123,473.67 25.02 +0.03
GPS-07 345,755.23 26.41 -0.04
GPS-08 345,768.45 25.37 +0.04
GPS-09 345,781.67 24.71 +0.04
GPS-10 345,794.89 27.08 -0.04
GPS-32 346,085.78 25.54 -0.24

0.00

-10,000,000.00

Fig. 7 Error frequency histogram

The minimum detectable elevation difference
was 0.08 m, corresponding to a slope of 0.08%
over 100 m pipe length.

4.3 Spatial Error Distribution

To better understand the factors influencing
DEM accuracy, the 32 GPS control points
were classified into three land cover categories
based on field observations and aerial imagery.
Table 5 presents the error distribution for each
category.
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Table 4 Summary accuracy statistics

Statistic Value
Number of points 32
Mean Error (ME) +0.03 m

RMSE 0.11m
Maximum Absolute 024 m
Error
Minimum Error -0.04 m
Maximum Error +0.04 m
Standard Deviation 0.06 m

The spatial distribution of elevation error
analyzed using the 32 GPS ground
points. As shown in Figure 6, this illus
the spatial distribution of LiDAR-deri
elevations across the study area, the error
pattern exhibits distinct spatial clustering.
Points with errors below 0.05 m :
control points) are predomina
open, flat areas with minimal v,
Conversely, the maximum ¢

occurred at GPS-32, situated
area  characterized by

vegetation. Intermediate errors

Q
&

of all

were observed at five points (15.6%) located in
peripheral residential areas with moderate
vegetation density. This spatial pattern aligns
with findings by Hodgson et al.(2023), who
reported that leaf-on vegetation conditions can
increase DEM errors by up to 0.25 m. The
tion of higher errors in vegetated
gests that for water distribution
applications, supplementary ground
veri ion should be prioritized in zones with
tion cover. The random
in open areas indicates
d DEM provides
onsistent accuracy across the majority of the
tudy region, with no systematic spatial bias
detectable at the 0.05 m significance level.
The r s clearly indicate that land cover type
significantly affects LiDAR-derived DEM
ccuaracy. Open areas with minimal vegetation
e excellent accuracy (RMSE = 0.03 m),
w idential areas with ~moderate
vegetatio slightly higher errors (RMSE
0.08 m). The only point with dense
cover exhibited a substantially
her error (0.24 m), consistent with findings
(Hodgson et al.,2023) that leaf-on
egetation can increase DEM errors by up to
.25 m. This suggests that for water
ribution network applications,
lementary ground verification should be
puioritized in areas with dense vegetation

Land Cover Tvpe Number of Error Mean RMSE
yp Points Range (m) Error (m) (m)
Open / Flat Areas 81.2 0.00 - 0.05 0.02 0.03
Residential (Moderate 5 15.6 0.05-0.10 0.07 0.08
Vegetation)
Dense Vegetation 1 3.1 0.24 0.24 0.24
Total / Overall 32 100 0.00 - 0.24 0.03 0.11
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4.4. Comparison with Conventional 4.5. Cost and Time Efficiency
Elevation Sources Cost analysis based on local surveying rates
Comparison of LiDAR-derived elevations with and LiDAR acquisition costs indicates:

elevations derived from 1:50,000 topographic

maps (2.5 m RMSE typical) indicate: - Ground survey cost for 4,823 points: $50-100

per point — $241,150-482,300
- RMSE reduction: 2.5 m — 0.11 m (95%
improvement)

cquisition and processing cost for
200-500/km? — $560-1,400

- Vertical accuracy improvement factor: 22.7
times

- Minimum detectable slope improvement:
2.5% — 0.08% (31 times improvement)

This substantial improvement has direct LiDAR processing: 2 days (including DEM
implications for hydraulic modeling accuracy, ;

particularly in flat terrain where small
elevation differences determine flow direction.

Cost-Benefit Analysis: LiDAR vs

400000

350000

300000 I Execution Time

250000 [ Vertical Accuracy (RMSE)

200000 - —8—Total Cost

I traditional Survey cost

Cost (USD) / Time (days)

150000
100000 4 == Traditional Surney Time
—~&— LiDAR Cost
50000 -
0 LiDAR Time

Traditional LiDAR

approximately $365,000 to $1,000 (a 99.7%
reduction) and decreases field time from 18
days to just 2 days (an 89% reduction). The
cost per point decreases dramatically from $75

Figure 8 present

comparison between
methods and the propo
approach for elevation data acqu

analysis reveals that while traditional to $0.20. These findings demonstrate that for
surveying achieves slightly higher vertical water distribution network applications, where
accuracy (RMSE = 0.02 m compared to 0.11 m the required vertical accuracy is typically 0.15-
for LiDAR), this marginal improvement comes 0.20 m for hydraulic modeling, the LiDAR
at a substantially higher cost. The LiDAR approach offers an optimal balance between
method reduces total project cost from accuracy, cost, and time efficiency.

Journal of Hydraulics
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Table 6 Cost-benefit comparison between traditional ground survey and LiDAR-based methods for elevation
data acquisition

Metric Traditional Survey LiDAR Method Unit

Total Cost 365,000 1,000 UsSD

Execution Time 18 2 days
\Vertical Accuracy (RMSE) 0.02 0.11 m

Cost per Point 75 USD

resent the sensitivity of the LIDAR-
DEM for detecting elevation
ces, not a driving force for flow. These
are used to assess the capability of
data to capture the elevation
hydraulic head, which directly
loss calculations in pressurized
.g., via the Darcy-Weisbach or
ams equations). Therefore, the
cussion of slope does not contradict the
ressurized nature of water distribution
networks; it simply reflects the accuracy of the
evation data used in hydraulic modeling.

Table 6 summarizes the cost-benefit

comparison between traditional survey
methods and the LiDAR-based approach. The
LiDAR method reduces total project cost from
$365,000 to $1,000 (a 99.7% reduction) and
decreases field time from 18 days to 2 days (an
89% reduction).

5. Discussion
5.1. LIDAR Accuracy Assessments
The achieved RMSE of 0.11 m is consiste
with recent international studies. Bartminski et
al. (2023) reported RMSE values between
0.08-0.15 m for

UAV-LiDAR in moderate
Vakily , (2024) obtained simi
0.14 m) using various
algorithms in Norwegian
slight positive bias (ME =+
underestimation

Factors Influencing Accuracy

cgetation Cover: The maximum error of 0.24
occurred at GPS-32, located in an area with
dense roadside vegetation. This finding aligns
with (Hodgson et al. 2023) who reported that

systematic leaf-on vegetation can increase DEM errors by
possibly attributable to vegetation pen up to 0.25 m. For water distribution networks,
characteristics and interp . this implies that junction elevations in
The minimum detec e vegetated arecas may require supplemental
of 0.08 m meets on i ground verification.

hydraulic modelin ications. The relationship between land cover type and
pipes with 150 i , DEM accuracy observed in this study (Table 7)

aligns with previous research Hodgson et al.
(2003) confirming that vegetation cover is a

minimum slopes ra
American Water

corresponding to elevation di of 0.1- primary factor contributing to LiDAR
0.5 m over 100 m. The achieved sen elevation errors.

0.08% enables detection of slopes below the Ground Filtering Algorithm: The choice of
minimum recommended values, providing ground filtering algorithm significantly affects
adequate resolution for gravity flow analysis. DEM quality. (Vakily, 2024) compared five
It is important to clarify that water distribution algorithms (ATIN, CSF, MCC, MSBF, SMRF)
networks are pressurized systems. The primary and found that MSBF performed best in urban
driving force for flow is hydraulic head areas with high building density. The TIN-
(pressure + elevation), not gravity or pipe based algorithm used in this study, similar to
slope alone. The slope values reported in this ATIN, provided acceptable accuracy but may

study (e.g., minimum detectable slope of

Journal of Hydraulics
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benefit from algorithm optimization in future

applications.

DEM Resolution: (Meirose et al.2024)
demonstrated that DEM resolution
significantly  affects stream  network
delineation. The 1-meter resolution used in this
study is appropriate for urban water

infrastructure applications, providing sufficient
detail for junction-level elevation extraction
while maintaining computational efficiency.

5.3. Implications for Hydraulic Modeling
The availability of high-accuracy junction
elevations has several implications for
hydraulic modeling:

Pressure Zone Analysis: Accurate elevations
enable precise determination of pressure zone
boundaries, reducing the risk of over-
pressurization or inadequate pressure in fringe
areas. (Dongare et al.2024) demonstrated that
improved elevation data significantly enhanced
EPANET model calibration in the Bhopal
water distribution system.

Leakage Detection: Elevation errors
affect leakage estimates derived from pre
measurements. The 95% improvement
vertical accuracy compared to conventional
topographic maps translates to proportional
improvements in leakage detectio ili
Flow Direction Determination:
systems, flow direction is
elevation differences. The
slopes as low as 0.08% ena
direction assignment in
conventional elevation sources W
indeterminate flow.

It should be noted,
distribution networks

The primary driving force for flow is hydraulic
head (pressure + elevation), not slope alone.
The slope values reported here represent the
sensitivity of LiDAR-derived DEMs for
detecting elevation differences. In gravity-
dominated zones (e.g., near elevated tanks
without,booster pumps), this slope provides a

-dominated zones, the IFD Tool flags
ith elevation differences below 0.10 m

T simulation. Thus,
es not contradict the

alibration: High-accuracy junction
reduce the degrees of freedom in
calibration, enabling more reliable
ion of pipe roughness coefficients and
d patterns. (Gomes Jr. et al. 2024)
that accurate elevation data can
on uncertainty by up to 30% in
looped networks.

tion of high-resolution LiDAR
a with advanced numerical methods
ousavinejad & Akbari Makoui, (2021)
could further enhance the accuracy of
draulic models for complex urban

Table 7 summarizes the key implications of
1iDAR-derived elevation data for hydraulic
modeling applications. The improved vertical
accuracy and spatial resolution of LiDAR-
derived elevations have direct implications for
various hydraulic modeling applications.

modeling implications summary

Application
Area

LiDAR-Based

Practical Benefit
Improvement

Coarse elevation data (2-5 m

Pressure Zone .
contours) leads to incorrect

Decimeter accuracy

(0.11 m RMSE) enables Reduced pressure

complaints, optimized

Analysis zone boundaries precise l?oundary pump scheduling
delineation
Elevation errors propagate to 95% improvement in More? rel} able leakelge
Leakage . localization, 70-80%
. pressure-based leakage vertical accuracy reduces Do
Detection cost reduction in field

estimates

error propagation . .
propag verification
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Application Traditional Method LiDAR-Based .
oo Practical Benefit
Area Limitation Improvement
. . Indeterminate flow in flat Minimum detectable Acgurate dlr.ectlon
Flow Direction . . . N assignment in 94% of
L, terrain due to insufficient slope slope 0.08% enables . o) :
Determination . . . trunk mains, 71% in
resolution gravity flow analysis
loops
0 .
Model High uncertainty in roughness 30 A) rec.iucnon n
. . . L7 calibration uncertainty
Calibration coefficient estimation [17]
Network Design Conserv'atlve. design . 9.8% cost reduction in
& assumptions increase capital design optimization [6]
Rehabilitation costs gnop
Delayed valve isolation due to Faster emergency
Emergency incorrect response, reduced
Response upstream/downstream service interruption
topology area
As summarized in Table 7, the integrat benefit analysis  (90-95%  cost

LiDAR-derived elevations into hydrau
modeling workflows addresses several long
standing challenges in water distribution
network management. The abilit
slopes as low as 0.08% enables ag

conventional methods fail.
95% improvement in
compared to traditional
reduces uncertainty in
delineation and leakage detection a
These improvements collecti
more reliable
operational costs,
response capabilities

5.4. Comparison Vv
The findings of this stud
research in LiDAR applicatia
infrastructure.  (Tiwari et 4 2025)
demonstrated that integrated LiDAR and UAV
data can achieve up to 83.66% accuracy
improvement in  urban  waterlogging
assessment in New Delhi. Arghavanian and
Leloglu (2024) achieved 77-100% precision in
extracting irrigation channels from DEMs in
flat plains, highlighting the potential of
elevation-based analysis for linear hydraulic
features.

duction) is consistent with findings from the
K Environment Agency's national overland
flow pathway dataset (Environment Agency,
023), which demonstrated the scalability of
AR-based approaches for nationwide
drological applications.

s shown in Table 5 and Figure 8, the LIiDAR

approach  offers  substantial  economic
advantages while maintaining adequate
vertical accuracy (RMSE = 0.11 m) for

hydraulic modeling applications.

5.5. Limitations and Future Work
This study has several limitations that should
be addressed in future research:

1. Vegetation Effects: The influence of dense
vegetation on LiDAR accuracy requires further
investigation,  with  potential  solutions
including leaf-off data acquisition or integrated
multispectral LiDAR.

2.Algorithm Comparison: Systematic
comparison of ground filtering algorithms
specifically for urban water infrastructure
applications would optimize accuracy for this
domain.

3. Temporal Dynamics: The static nature of
LiDAR data does not capture seasonal

Journal of Hydraulics
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elevation changes or network modifications. provides sufficient vertical accuracy (RMSE =
Integration with real-time monitoring systems 0.11 m) for extracting elevation values of
could address this limitation. water distribution network junctions in flat

urban areas. This accuracy meets or exceeds
requirements  for  hydraulic = modeling
applications.

4. Scalability: Validation of the methodology
in more complex topography and larger urban
areas would establish generalizability.

2. Sp Error Patterns: 81.2% of control
i exhibited errors below 0.05 m,
ated in open areas, while errors up to
d in areas with dense vegetation
need for targeted ground
nes.

5.6. Applicability to Areas with Extreme
Topography

The current validation of the IFD Tool was
conducted in a flat urban area (elevation range
22-31 m, average slope <2%). However, the
methodology can be extended to areas with
steep  topography, provided additional
considerations are addressed. Studies have
confirmed that LiDAR-derived DEMs achieve
acceptable  vertical accuracy even in
mountainous and forested regions,
outperforming satellite-based DEMs such as
SRTM and ALOS for hydrological
applications (Murphy et al., 2008; Lidberg et
al., 2023). The minimum detectable elevatlon
dlfference (0.08 m) is independent of tg )
slope, and the slope detection cap
(0.08%) remains sufficient for determin:
natural pipe slopes in gravity-fed systems
even when the absolute vertical error increases
due to steep terrain. However, three factors
must be considered: (1) higher g )
(>8 pts/m?) is recommended to ¢

Hydraullc Modeling Implications: The
provement in vertical accuracy
to conventional topographic maps
— 0.11 m RMSE) enables precise
zone analysis, reliable leakage

and accurate flow direction
ion in gravity-fed systems. As
n Table 8, the integration of
LiDAR-derived elevations into hydraulic
workflows  addresses critical
itations of traditional methods and enables
ore efficient network management.

4. Economic Benefits: The methodology can
duce field surveying costs by 90-95% and
ease execution time from weeks to days,
nabling rapid updating of GIS databases for
ater utilities.

5.  Minimum Detectable Slope: The

improve DEM accuracy und . e .
achieved sensitivity of 0.08% ... provides

cover, and (3) a site-specifi

analysis should be conducted to quan adequate resolution for detecting elevation
vertical error as a functie differences required for hydraulic head
while the core algorithn i calculations and, where applicable, gravity
additional i i i flow analysis in flat terrain.

generalizing the 79% agreement and 7(
cost reduction imates to mount 6. Practical Recommendations for Water
regions. This is exp ed as a Utilities:

direction for future researe Secti

Data Acquisition: Utilize existing airborne
LiDAR data available through national
mapping organizations for cost-effective

6. Conclusion

This research evaluated the capability of elevation data updating.
airborne LiDAR data for decimeter-accuracy
elevation extraction of water distribution Quality  Assurance: Implement  targeted

network junctions. The following conclusions

ground verification in areas with dense
are supported:

vegetation cover where LiDAR errors may

d table thresholds.
1. Accuracy Achievement: Airborne LiDAR exceed acceplable TATESA0ICS

data with moderate point density (4 points/m?)

Journal of Hydraulics
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Model Integration: Incorporate  LiDAR-
derived elevations into EPANET and other
hydraulic models to improve calibration
accuracy and reduce uncertainty.

Periodic Updates: Leverage the scalability of
LiDAR technology for periodic network
elevation updates (every 5-10 years) to
maintain model currency.

Future Research Directions:

1. Comparative evaluation of ground filtering
algorithms for urban water infrastructure
applications

2. Integration of LiDAR data with
multispectral satellite imagery and InSAR
for enhanced accuracy

3. Development of deep learning approaches
for automated network junction extraction
from LiDAR point clouds

4. Assessment of LiDAR accuracy in more
complex topography and larger urban areas

5. Integration of LiDAR-derived elevati
with real-time pressure monitori
dynamic hydraulic modeling

6. Future research should explore t
application of advanced meshless numerical
methods [32] for dynamic analysis of flow
in water distribution net ing
LiDAR-derived elevation da
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