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Abstract: Urban development is a project that enhances human life, but its hydrological impact
increases runoff by expanding impervious areas. Furthermore, localized and intense rainfall resulting
from the effects of climate change is exacerbating damage to urban areas. The Republic of Korea has
established detention ponds as reduction facilities for heavy rainfall disasters, and the law stipulates
that the impact of disasters that increase due to the development projects will remain unchanged
from before. However, ensuring precision in millimeter or centimeter units during the design of
reduction facilities is challenging. In this study, our aim is to assess the suitability of using unmanned
aerial vehicles (UAVs) for the detention pond, a facility that reduces runoff resulting from urban
development. The target area is a detention pond located in Innovation City, Ulsan Metropolitan
City, Republic of Korea. We compared and analyzed design drawings and topographical data. The
increased runoff due to the development project was 0.59 m3/s, and the effectiveness of disaster
reduction was evaluated by the installation of a detention pond. The detention pond’s reduction effect
was analyzed to be 1.16 m3/s for the design drawing and 1.57 m3/s for the topographical analysis.
The detention pond currently in place in the target area was found to provide additional disaster
reduction benefits compared to the original design plan. The findings of this study can be utilized in
relevant laws and guidelines as a method to evaluate the suitability of future reduction facilities.

Keywords: heavy rainfall disaster; urban development; unmanned aerial vehicle (UAV); detention
pond; reduction facilities

1. Introduction

Recently, disasters have been occurring frequently worldwide, and natural disasters
like typhoons, heavy rainfall, and earthquakes have resulted in numerous casualties. Urban
development, in particular, has a significant impact on people’s lives and can offer various
benefits, including public health and welfare [1,2]. In the Republic of Korea, a country with
70% of its land area covered by mountains, there is a legal requirement to install facilities
aimed at reducing impervious areas and runoff resulting from urban development. In the
Republic of Korea, increased runoff due to urban development necessitates the installation
of reduction facilities based on a 50-year design frequency. This is performed to maintain
the disaster impact at pre-development levels. Detention ponds are the primary type of
reduction facilities installed, but the effectiveness of detention pond performance is not
assessed post-installation. Detention ponds serve as temporary storage for runoff during
heavy rain events and demand ongoing maintenance. However, there are no regulations
in the Republic of Korea’s governing measurements and evaluation methods to confirm a
detention pond’s capacity to reduce runoff following installation.
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Lately, 3D topographic surveys using unmanned aerial vehicles (UAVs) have gained
attention in many countries. Advances in aerial photogrammetry methods using UAVs
have elevated the collection and construction of topographical information, ensuring
convenience and reliability [3–8]. UAV-based topographic surveys generate detailed 3D
topographic and spatial surface data for X, Y, and Z coordinates [9–12]. Additionally, they
provide insights not only into the ground’s topographical features, as realized by the digital
elevation model (DEM) and digital terrain model (DTM), but also the characteristics of nat-
ural and man-made objects through the digital surface model (DSM) [13–17]. Furthermore,
aerial photography or LiDAR surveys utilizing UAVs contribute to the creation of precise
terrain models [18,19]. UAV data enable the creation of a 3D point cloud via the structure
from motion (SfM) analysis method, developed in 1993 [16]. This involves processing
images using observed data within a feature matching algorithm with mathematical pa-
rameters [20–22]. Presently, software such as Pix4D and Photoscan are employed for point
cloud generation, DSM creation, orthophotos, mesh modeling, 3D modeling, and mapping
through image analysis [23–30].

To mitigate the increased runoff resulting from urban development, the installation
of a detention pond is mandated. In the field of hydrology, researchers have explored the
utility of UAVs in various aspects, including topographic surveying, flow observation,
and terrain runoff characteristics analysis. UAVs have been employed to survey rivers,
ascertain riverbed particle sizes, and analyze the riverbed roughness coefficient (n) as
per the Manning formula to calculate discharge [31,32]. Some studies have focused on
monitoring surface flow velocities of rivers and estimating runoff volumes based on non-
contact imagery [33–38]. Following river floods, research has delved into the analysis of
maximum discharge and sediment movements through topographic surveys that account
for river sediments [39,40]. In addition to direct discharge calculations, investigations have
centered on slope analysis, a geographical feature influencing discharge, river monitoring
considering temporal changes, and discharge estimation in uncharted rivers employing
UAVs [41–47]. Nonetheless, the majority of discharge calculations in hydrology have
revolved around topographical river analysis, flow velocity measurements, and monitoring,
with limited attention to discharge analysis in urban areas.

Thus, in this study, we evaluate the suitability of employing UAVs for assessing the
effectiveness of detention ponds installed to help disaster reduction arising from urban
development. We apply the discharge calculation procedure outlined in the practical
guidelines mandated by law for urban development. In the case of the detention pond,
we conducted topographic surveys utilizing UAVs and constructed 3D topographic data
using orthophotos, point clouds, and digital surface models (DSM) with PIx4D. We then
compare the storage capacity of the detention pond as based on the urban development
design report with the storage capacity analyzed using UAV data after installation. Our
objective is to assess the effectiveness of heavy rainfall disaster reduction facilities installed
due to urban development.

2. Materials and Methods
2.1. Analysis Method of Unmanned Aerial Vehicle

The construction of topographic data using UAVs has enabled the creation of maps
with higher resolution compared to existing satellite photos, aerial photos, and digital
elevation models (DEMs). UAVs are finding applications in numerous industrial sectors
beyond being a mere hobby. They have exhibited rapid technological advancements and
versatility by integrating with various industries, including photography, surveying, and
observation. In this study, we focused on the utilization of UAVs in the field of topographic
surveying among their various applications. The research methodology for generating
terrain data using UAVs is depicted in Figure 1.
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Figure 1. Analysis procedure using unmanned aerial vehicle.

To construct terrain data using a UAV, orthoimagery, digital surface model (DSM), and
a 3D point cloud are analyzed through a process involving flight planning, ground control
point (GCP) surveying, aerial photography, and Pix4D Mapper analysis. The flight plan is
carefully designed, taking into consideration the terrain, structures, and weather conditions
of the target area. After completing the field survey of the target area, an application
for flight plan approval, specifying flight area, aircraft details, flight range, and UAV
information, is submitted to the Republic of Korea Transportation Safety Authority. Once
the flight plan receives approval, the number and placement of GCP observation points
within the target area are determined and surveying activities are carried out. Following
the completion of flight plan approval and GCP observation, aerial photography using a
UAV is conducted over the target area.

Aerial photographs taken by UAV and the observed GCP data were analyzed using
Pix4D Mapper. Aerial photos are merged by aligning identical images based on their
coordinates. The topographical coordinates of these images are used to generate a point
cloud through triangulation, and initial structure from motion (SfM) settings are applied.
The elevation data from the aerial photos and topographic information are calibrated by
incorporating the observed GCP points into the primary topographic data. The analyzed
topographic data are orthophotos, DSM, 3D point cloud, and volume survey. Various
options can be configured to view terrain data, point cloud coordinates, and contour maps.

2.2. Estimation Method of Discharge

In the Republic of Korea, the calculation of discharge based on design frequency is
essential for predicting the potential scale of disasters in diverse design and planning con-
texts, including rivers, hydraulic structures, and disaster reduction. In 2012, the Ministry of
Land, Infrastructure and Transport released the ‘Design Discharge Calculation Guidelines’
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to assess different standards and theories for discharge calculation. These guidelines aimed
to minimize the subjective judgment of designers, which had been a point of contention
in the past [48]. Prior to the publication of these guidelines, various calculation methods
had been applied, taking into account regional and topographical characteristics. However,
since 2012, a uniform standard for design discharge calculation has been implemented
across all designs and plans in the Republic of Korea. The process for calculating discharge
in the Republic of Korea is illustrated in Figure 2.
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Figure 2. Estimation procedure of discharge.

The ‘Design Discharge Calculation Guidelines,’ established by the Ministry of Land,
Infrastructure, and Transport in 2012, are organized into six chapters, providing the theory
and calculation standards for parameters essential for design discharge analysis. Section 1
of the ‘Design Discharge Calculation Guidelines’ serves as an introduction, while Section 2
focuses on rainfall analysis. Section 3 covers the calculation of basin characteristic factors,
Section 4 deals with effective rainfall calculation, and Section 5 outlines the discharge
calculation method. Lastly, Section 6 is dedicated to flood hydrograph analysis. Table 1
presents the parameter analysis method for each chapter related to the design discharge
calculation suitable for the Republic of Korea, while Equations (1)–(9) depict the parameter
calculation formulas.



Remote Sens. 2023, 15, 5518 5 of 20

Table 1. Analysis method for estimating discharge.

Class Method Equation

Rainfall analysis

Rainfall data Conversion factor of fixed
duration—unfixed duration Equation (1)

Probability distributions Gumbel distribution Equation (2)
Rainfall intensity formula Head count polynomials Equation (3)

Areal rainfall quantiles Estimation of Thiessen method
after areal reduction factor Equation (4)

Time distribution Huff’s method of third quartile

Basin characteristics

Area Digital map

River length Digital map (length from exit of
basin to starting point of basin)

River slope Digital map (average basin)
Shape factor Digital map

Effective discharge Curve number AMC-III (using land cover map
and detailed soil map)

Flood discharge
Unit hydrograph Clark unit hydrograph method

Time of concentration Continuous Kraven formula Equations (5)–(7)
Storage coefficient Sabol formula Equation (8)

Flood hydrograph Flood hydrograph Effective rainfall and base flow
Flood routing Muskingum method Equation (9)

Y = 0.1346× X−1.4170 + 1.0014 (1)

f(x) =
1
σ

exp
[
− (x− µ)

σ
− epx

[
− (x− µ)

σ

]]
(2)

Here, Y is a conversion coefficient, x is rainfall data (mm), µ is the location parameter,
and σ is the scale parameter.

In(I) = a + bIn(th) + c(In(th))
2 + d

(
In (th))

3 + e(In(th))
4 + f(In(th))

5 + g(In(th))
6 (3)

ARF(A) = 1−M·exp
[
−
(

aAb
)−1

]
(4)

Here, I is rainfall intensity according to rainfall duration (mm/h); th is the rainfall
duration (h); a, b, c, d, e, f, g, n, etc., are regression constants; ARF (A) is the basin area
(A (km2)); M, a, b are the regression constants of the area rainwater conversion coefficient
regression equation,

Tc = 16.667
L
V

(5)

(
S ≤ 3

400

)
: V = 4.592− 0.01194

S
, Vmax = 4.5 m/s (6)

(
S ≤ 3

400

)
: V = 35, 151.515S2 − 79.393939S + 1.6181818, Vmin = 1.6 m/s (7)

Here, Tc is the time of concentration (min), L is the flow path extension (km), S is the
average slope (dimensionless), and V is the average flow velocity (m/s).

K =
Tc

1.46− 0.0867 L2

A

(8)

S = K{O + x(I −O} = K{xI + (1− x)O} (9)
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K is travel time (h), Tc is the time of concentration (h), L is the flow path extension
(km), A is the basin area (km2), S is total storage (m3), I is inflow, O is outflow, and x is the
weighting factor.

2.3. Analysis Method of Detention Pond

A detention pond is a facility designed to reduce the time it takes to reach maximum
discharge or minimize flood damage by temporarily storing concentrated discharge during
rainfall events. It is usually used as an empty lot, park, playground, or parking lot and
is defined as a facility for storing rainwater storage in case rainfall occurs. Detention
ponds are disaster reduction facilities strategically installed to mitigate increased discharge
resulting from urban development. Detention ponds are typically located downstream of
urban rivers.

The analysis method for detention ponds is based on the retention equation, a hydro-
logical flood estimation approach. Detention ponds regulate the outflow to downstream
areas by employing flood gates in the spillway or outlet. The volume of outflow is deter-
mined by the hydraulic characteristics and operational capacity of the discharge structure,
while the inflow and storage volume of the detention pond are determined by the design
frequency. The storage equation for detention ponds employs the modified PLUS reservoir
flood tracking method, as depicted in Equation (10).

Iavg −Oavg =
∆S
∆t

(10)

Here, Iavg: average inflow during time interval; Oavg: average outflow during time
interval; and ∆S: storage change

In a specified river channel section, the temporal rate of change in storage volume,
or the detention pond storage volume, is determined by the variance between the inflow
rate at the upstream end of the section and the outflow rate at the downstream end. When
we differentiate Equation (10) with respect to time, and if floodgates control the outflow
downstream of the detention pond, we can incorporate the flood control term into the
storage equation, resulting in the calculation of Equation (9).

The values of It and It+1 are the inflow hydrograph ordinates, perhaps computed with
models described earlier in the manual. The values of Ot and St are known at the tth time
interval. At t = 0, these are the initial conditions, and at each subsequent interval, they are
known from calculation in the previous interval. Thus, the quantity

(
2St+1

∆t + Ot+1

)
can be

calculated with Equation (11). For an impoundment, storage and outflow are related, and
with this storage–outflow relationship, the corresponding values of Ot+1 and St+1 can be
found. The computations can be repeated for successive intervals, yielding values Ot+1,
Ot+2, . . . Ot+n, the required outflow hydrograph ordinates.(

2St+1

∆t
+ Ot+1

)
= (It + It+1) +

(
2St

∆t
−Ot

)
(11)

Here, t: index of time interval; It+1: the inflow values at the beginning and end
of the tth time interval; Ot and Ot+1: the corresponding outflow values; St and St+1:
corresponding storage values.

3. Detention Pond Analysis Using Unmanned Aerial Vehicle
3.1. Target Area and Observation Equipment

In the Republic of Korea, the principle of assigning responsibility for compensation
and disaster recovery in the event of a catastrophe is based on identifying the root cause.
Discharge, which escalates due to the development projects, is regulated to ensure the
establishment of more secure reduction measures, guided by a 50-year design frequency,
compared to conditions prior to the development. Ulsan Metropolitan City is an area where
disaster impact assessment was established as an innovative city development project in
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2010. Five detention ponds were installed in 10 watersheds to reduce design discharge
due to urban development. However, following the innovative city development project,
instances of flooding damage occurred downstream during Typhoon ‘Chaba’ in 2016 and
Typhoon ‘Ohmais’ in 2021. These events underscored the challenge of the detention pond’s
flood reduction effectiveness. Therefore, in this study, the detention pond of the Sagokcheon
basin, which has the largest watershed area among the watersheds of Ulsan Innovation
City, was selected as the target area (Figure 3).
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Figure 3. Target area.

The Sagokcheon basin in Ulsan Innovation City is situated on the left side of the city,
covering a basin area of 1.39 km2, which constitutes approximately 10% of the total area of
Innovation City. Flowing through the center of the basin is Sagokcheon, and plans are in
place to develop an innovative city on a 0.17 km2 in the downstream region. To mitigate
the escalating discharge resulting from urban development, a detention pond spanning
an area of 6685 km2 was constructed downstream within the basin. Table 2 provides an
overview of the current status of the Sagokcheon basin.

Table 2. Current status of target area.

Target Area
Before Development After Development (Innovation City Area) Detention Pond Area

1.37 km2 1.37(0.17) km2 6685 m2

Topographic surveying using UAV necessitates the use of equipment equipped with
real-time kinematic (RTK) capabilities, enabling real-time reception of GPS and location
information. Moreover, to enhance the precision of topographical data, the ground control
point (GCP) must be surveyed using equipment equipped with the global navigation
satellite system (GNSS). In this study, UAV-based topographic surveying was executed
employing the Phantom 4 RTK and Trimble R4s systems, focusing on the detention pond
situated within the Sagokcheon basin (Figure 4).
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The Phantom 4 RTK weighs approximately 1.4 kg and boasts a diagonal length of
35 cm. Its camera is equipped with a 24 mm lens and a 1-inch CMOS sensor, enabling
high-resolution aerial photography. On the other hand, the Trimble R4s utilizes satellites
to furnish information regarding the location, altitude, and speed of terrestrial objects.
It facilitates GNSS surveying, providing valuable data. With its ability to receive GNSS
signals from 240 channels, it ensures reliable reception even in mountainous and urban
terrains, allowing for precise surveying with an error margin of approximately 3 mm for
stationary positioning and about 8 to 15 mm for VRS (Table 3).

Table 3. Specification of observation equipment.

Characteristics of UAV and Camera Performance of Trimble R4s

Weight 1391 g Channel 240 channels
Diagonal
Length 350 mm Static

positioning
Horizontal: 3 mm + 0.1 ppm
Verticality: 3.5 mm + 0.4 ppm

Sensors 1” CMOS, valid pixel: 20 M VRS Horizontal: 8 mm + 1 ppm
Verticality: 15 mm + 1 ppm

Lens FOV 84◦, 8.8 mm/24 mm,
f/2.8~f/11 Input/output ATOM, CMR, CMR+, RTCM,

CMRx, NMEA

3.2. Survey of Detention Pond Using UAV

A flight plan and ground control point (GCP) observation locations were established
for the topographical survey employing a UAV over the detention pond situated in the
designated basin (Table 4). The UAV’s flight plan requires detailed specifications aligned
with the project’s objectives, including the coverage area, altitude, photo overlap, camera
angle, and coordinates. Given the detention pond’s proximity to a residential area along
Sagokcheon, aerial photography was not constrained by altitude restrictions, allowing
observations at the lowest feasible altitude.
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Table 4. Flight planning establishment and condition of GNSS observation station.

Flight Planning Establishment Condition of GNSS Observation Station
Classification Contents Classification Contents

Photographing area 0.03 km2 Observation station Ulsan Jung gu
Photographing

altitude 30 m Receiver type Trimble alloy

Overlap rate Longitudinal: 80%,
transverse: 80% Antenna type TRM59800.00

Camera angle 90◦ RTCM type SAMC-RTCM31

Number of
photographs 660 Coordination

Latitude: 35-33-56.5,
longitude: 129-19-1.38,

ellipsoid Height: 100.63

Image coordinate WGS84 Address 365, Jongga-ro, Jung-gu,
Ulsan, Korea

The analysis zone, covering 0.032 km2, inclusive of the detention pond, had a set
altitude of 30 m, minimizing interference from surrounding structures and signals. To
facilitate precise photogrammetry, the camera angle was configured for planar surveying,
with a 90◦ overlap set at 80% in both the longitudinal and transverse directions. The
Phantom 4 RTK is an aircraft equipped to receive real-time location information during
flight. To ensure accurate image capture by the UAV, the Ulsan Jung-gu surveillance station,
serving as a satellite reference point in close proximity to the target area, was utilized.

For the topographical survey of the detention pond, aerial photographs were captured
at a total of 660 designated points in accordance with the flight plan. To enhance image
mapping accuracy, and the precision of the aerial photos, a total of 17 ground control points
(GCP) were measured. This included 11 points positioned along the border of the detention
pond and 6 points within the detention pond itself (Figure 5a). In the Republic of Korea,
regulations regarding GCP surveys stipulate that a total of 10 or more points should be
observed at intervals of 300 m to 500 m. In this study, more GCPs were observed than the
relevant regulations to ensure accuracy.
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graphs 

660 Coordination 

Latitude: 35-33-56.5, 
longitude: 129-19-

1.38, ellipsoid Height: 
100.63 

Image coordinate WGS84 Address 365, Jongga-ro, Jung-
gu, Ulsan, Korea 

The analysis zone, covering 0.032 km2, inclusive of the detention pond, had a set al-
titude of 30 m, minimizing interference from surrounding structures and signals. To facil-
itate precise photogrammetry, the camera angle was configured for planar surveying, 
with a 90° overlap set at 80% in both the longitudinal and transverse directions. The Phan-
tom 4 RTK is an aircraft equipped to receive real-time location information during flight. 
To ensure accurate image capture by the UAV, the Ulsan Jung-gu surveillance station, 
serving as a satellite reference point in close proximity to the target area, was utilized. 

For the topographical survey of the detention pond, aerial photographs were cap-
tured at a total of 660 designated points in accordance with the flight plan. To enhance 
image mapping accuracy, and the precision of the aerial photos, a total of 17 ground con-
trol points (GCP) were measured. This included 11 points positioned along the border of 
the detention pond and 6 points within the detention pond itself (Figure 5a). In the Re-
public of Korea, regulations regarding GCP surveys stipulate that a total of 10 or more 
points should be observed at intervals of 300 m to 500 m. In this study, more GCPs were 
observed than the relevant regulations to ensure accuracy. 
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Figure 5. Aerial photography and topographic analysis of detention pond. (a) Phantom 4 RTK in
UAV; (b) Pix4D Mapper.

Subsequently, image mapping was conducted on the acquired aerial photos using
Pix4D Mapper. After the initial processing, the topographic data were refined through the
utilization of GCP point data (Figure 5b). When mapping images using Pix4D Mapper,
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orthoimages are created based on each point of the aerial photo, and the error range is
several centimeters. To reduce these errors, it is supplemented through GCP surveying, and
topographic data are constructed with an error of less than 5 cm. The greater the number of
matches between GCP points and aerial photos, the higher the level of accuracy achieved,
with a minimum of four points matching being sufficient for generating highly precise
results.

The GCP measurement measured 11 points at the corners of the outside of the deten-
tion pond and 6 points at the corners of the inside of the detention pond. There was no
water inside of the detention pond, and no ground markers were installed, but the corners
of the reduction facilities were measured. GCP survey photos of the exterior and interior of
the detention pond are shown in Figure 6.
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Figure 6. GCP survey points in detention pond. (a) Outside of detention pond; (b) Inside of
detention pond.

The accuracy of the X, Y, and Z observation data for GCP observation points and
observation points measured using UAVs was analyzed (Table 5). Observation data from
GCP and UAV were analyzed as −0.000105 m to 0.000255 m for mean and 0.003546 m to
0.005353 m for sigma. The RMS error was analyzed to be 0.003547 m for X, 0.003801 m for
Y, and 0.005359 m for Z, an error of approximately 0.004 m.

Table 5. Accuracy of the X, Y, and Z observation data for GCP.

Condition Error X (m) Error Y (m) Error Z (m)

Mean (m) 0.000071 −0.000105 0.000255
Sigma (m) 0.003546 0.003800 0.005353

RMS error (m) 0.003547 0.003801 0.005359

The analysis outcomes of the detention pond encompass the coordinates of the aerial
photographs and the location information of the photos, with geometric distortion corrected
through consideration of the ground control points (GCP). The analysis of orthophotos
and real terrain, conducted using Pix4D Mapper, incorporates location information for all
objects. The recording area of Sagokcheon detention pond spans 0.032 km2, with a ground
sampling distance (GSD) of 1.20 cm, resulting in the creation of highly precise topographic
data. All captured aerial photos were employed for calibration, yielding approximately
43,726 key points extracted per image. The root mean square error (RMSE) applied to
the GCP points was analyzed to exhibit an error margin of 0.004 m, substantiating the
construction of high-precision topographic data (Table 6).
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Table 6. Evaluation of the quality characteristics of topographical data.

Classification Contents

Average ground sampling distance (GSD) 1 × GSD (1.20 [cm/pixel])
Area covered 0.032 km2

Images Median of 43,726 key points per image

Dataset 660 out of 660 images calibrated (100%), all
images enabled

Camera optimization 1.25% relative difference between initial and
optimized internal camera parameters

Matching Median of 7570.94 matches per calibrated
image

RMSE 0.004 m

3.3. Comparative Analysis of Detention Pond on Design Drawings and Topographical Analysis

The construction of the detention pond was executed according to the data outlined in
the disaster impact assessment report for the 2010 development project. While planning,
alterations in the capacity and elevation of the detention pond were made in response to
local conditions and urban development plans during the construction phase. However,
there are no existing laws or regulations to verify the disaster reduction performance after
the completion of the detention pond. Hence, in this study, the detention pond’s specifi-
cations were reviewed by analyzing design drawings and topographical data employing
UAV technology. Figure 7 showcases the design drawing, orthophoto, and digital surface
model (DSM) of the detention pond within the target area.
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For comparative analysis of detention ponds, data on design drawings and topograph-
ical analysis using UAVs were constructed. The design drawings are the specifications
presented in the design report of the detention pond, and the topographical analysis are
the specifications measured using a UAV. The specifications for design drawing and to-
pography analysis of the detention pond are shown in Table 7. The specifications for the
design drawing and topography analysis of the detention pond are detailed in Table 7.
According to the design drawing, the floor height of the detention pond was El.18.03 m,
but the topography analysis indicated El.17.91 m, representing a construction that was
0.12 m lower. The discharge control reduction capacity for the design frequency of 50 years
remained consistent at 15,795 m3. However, there was a disparity in the depth of the
detention pond, with the design drawing indicating 3.47 m and the topography analysis
showing 2.94 m, resulting in the detention pond being constructed larger than initially
designed. The wave height at the top of the detention pond was El.23.15 m according to
the design drawing and El.22.97 m based on topography analysis. Interestingly, the total
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volume and total area calculated from the topography analysis exceeded those derived
from the design drawing.

Table 7. Specifications of detention pond.

Classification
Specifications of Detention Pond

Design Drawing Topography Analysis

Floor height (EL.m) 18.03 17.91

Discharge control
Depth (m) 3.47 2.94

Top height (EL.m) 21.5 20.85
Volume (m3) 15,795 15,795

Freeboard (m) 1.65 2.12

Wave part

Wave height (EL.m) 23.15 22.97
Total depth (m) 5.12 5.06

Total volume (m3) 25,916 32,402
Total area (m2) 6685 8795

Main spillway B (m) × H (m) × count 3.5 × 3.5@2 3.5 × 3.5@2
Entrance elevation (El.m) 18.03 17.91

Figure 8 displays the design drawing and topography analysis of the detention pond,
along with its storage capacity categorized by depth. The overall depth of the detention
pond was 5.12 m as per the design drawing, while the topography analysis indicated a
depth of 5.06 m. In terms of total volume, the design drawing accounted for 25,916 m3,
whereas the topography analysis yielded a total of 32,402 m3. Despite the actual detention
pond’s depth being 0.06 m lower than that depicted in the design drawing, it still managed
to secure an additional total capacity of 6486 m3. It was determined that a capacity of
16,607 m3 had been achieved, surpassing the flood control requirements for the detention
pond’s design frequency of 50 years.
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4. Analysis of Detention Pond Reduction Effects Due to Urban Development
4.1. Discharge Calculation before and after Development

The focal area is the Sagokcheon basin within the scope of the Ulsan Innovation
City development project, where a detention pond was installed to mitigate the surge in



Remote Sens. 2023, 15, 5518 13 of 20

discharge before and after the development. One of the most significant transformations
during urban development projects involves alterations in land use, exemplified by the
proliferation of impervious surfaces like roads, residences, and commercial establishments.
The land-use map, both pre- and post-development in the Sagokcheon basin, is depicted in
Figure 9, with a total area of 1.37 km2, out of which 0.17 km2 underwent development. In
alignment with pertinent laws and regulations, the planning of disaster reduction facilities
for the development project included a detention pond designed to ensure that the impact
of increased discharge, occurring at a 50-year design frequency, remained equivalent to
pre-development conditions.
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Figure 9. Status of land use in the target basin before and after development.

The discharge calculation method is outlined in compliance with the guidelines of the
Republic of Korea, established in 2012. The discharge calculation procedure is detailed
in Section 2, with the parameters before and after development provided in Table 8. In
the case of the target area, the disparities in parameters before and after development
are as follows: the runoff curve index increased by 0.78 m3/s, the flow path extension
expanded by 0.09 km, and the storage constant rose by 0.02 h, while all other factors
remained unaltered. The discharge calculation entailed an analysis spanning 600 min at
5 min intervals, ultimately culminating in the determination of the maximum discharge.
This maximum discharge was computed based on a critical duration of 155 min for the
target basin and a design rainfall of 128 mm.

Table 8. Parameters for discharge calculation before and after development.

Parameter Before Development After Development

Area (km2) 1.37 1.37
Curve number 83.15 83.93

River length (km) 2.5 2.59
Average slope (%) 0.072 0.07

Clark
Time of concentration (h) 0.87 0.87

Storage constant (h) 0.72 0.74
Design frequency (yr) 50 50
Critical duration (min) 155 155
Design rainfall (mm) 128 128

Rainfall for the 50-year design frequency in the target basin was examined using the
Huff tertile method, revealing a measurement of 128 mm at 5 min intervals. The maximum
discharge, categorized by duration, amounted to 59.56 m3/s before development and
60.15 m3/s after development, signifying an increase of 0.59 m3/s due to urban develop-
ment. The critical duration time for the target basin, both before and after development,
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remains consistent at 155 min, with the maximum rainfall recorded with a lag time of
55 min and a duration of 100 min. The distribution of rainfall within the target basin and
the discharge, both pre- and post-development, delineated by duration, is illustrated in
Figure 10.
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4.2. Reduction Effect Analysis on Detention Pond Using Design Drawing and Topography Analysis

The discharge, both before and after development, was assessed for the 50-year design
frequency within the target basin. In an effort to mitigate the increased discharge resulting
from development, a detention pond was installed and subsequently analyzed through
design drawings and topography assessments employing UAV technology. The laws and
regulations governing development projects emphasize the need to maintain the same
level of disaster impact as existed before development, based on the principle of attributing
responsibility to the cause.

Upon conducting the analysis, it was determined that the detention pond in the target
basin exhibited no adverse disaster impact for a design frequency of 50 years, as evidenced
in both the design drawing and topography analysis (Figure 11).
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Figure 11. Analysis of reduction effect on detention pond in target basin. (a) Design drawing;
(b) Topography analysis.

Following the installation of the detention pond as part of the development project, the
discharge measured 58.99 m3/s in the design drawing and 58.57 m3/s in the topography
analysis. This represented a reduction of 0.57 m3/s and 0.99 m3/s, respectively, when
compared to the discharge prior to development.

Additionally, the storage capacity for discharge control, in accordance with the design
frequency, was determined to be 11,693 m3 in the design drawing and 15,094 m3 in the
topography analysis. In addition, the depth and storage capacity of discharge control
according to design frequency were analyzed as 3.47 m and 11,693 m3 for design drawing
and 2.94 m and 15,094 m3 for topography analysis. It was analyzed that the reduction
effect on disasters was secured. Specifically, the storage capacity for discharge control at
the design frequency was assessed to have secured an additional 4102 m3 in the design
drawing and 701 m3 in the topography analysis.

The target basin was assessed for its disaster reduction capabilities in accordance with
the development project, both through design drawing and topography analysis. The
installation of disaster reduction facilities is specified in government laws and regulations
to ensure not only compliance with the target design frequency but also an additional
discharge control depth. The design stipulates the necessity to secure an extra discharge
control depth and clearance of 0.6 m. Section 3 of the detention pond specifications revealed
that 1.65 m of free space was secured in the design drawing and 2.12 m in the topography
analysis. Therefore, both the design drawing and topography analysis of the storage
volume and water level of the Sagokcheon Detention Pond were assessed to ascertain
additional disaster reduction capacity.

Excluding the discharge control capacity, the detention pond possesses an additional
capacity of 10,121 m3 in the design drawing and 16,607 m3 in the topography analysis. It
was determined that the currently installed detention pond exceeds the storage capacity
required for discharge control, thereby securing supplementary disaster reduction effects
(Figure 12a). The overall water depth of the detention pond is 5.12 m in accordance with
the design drawing and 5.06 m according to the topography analysis, representing a slight
elevation difference of 0.06 m. However, the depth of water up to the discharge control
was measured at 3.47 m for the design drawing and 2.94 m for the topography analysis,
resulting in a larger retention area for the detention pond. Additionally, in consideration
of discharge control, the depth to the wave height was assessed at 1.65 m for the design
drawing and 2.12 m for the topography analysis, further enhancing its disaster reduction
capacity (Figure 12b).
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The installation of the detention pond in the target basin aimed to reduce discharge
resulting from urban development projects. As indicated by the topography analysis, it
was determined that the detention pond has secured additional disaster reduction impact
compared to the existing design drawing. This is expected to result in a more robust
disaster reduction effect, even in the event of rainfall exceeding the design frequency, such
as the recent surge in precipitation attributed to climate change and heavy rain events.

5. Discussion

In this study, the adequacy of disaster reduction facilities installed during urban
development was assessed. Detention ponds were installed to mitigate the increased runoff
resulting from urban development, yet no regulations or guidelines existed to validate the
effectiveness of these reduction facilities. While differences in design and construction were
identified in the target basin of this study, the reduction effect was found to increase due
to urban development. UAVs find applications across various fields, and the accuracy of
topographical surveying has improved with an error rate in centimeters [1–10]. Moreover,
through image analysis, it is possible to analyze not only topographical information but
also three-dimensional characteristics of buildings or facilities [13–17,20–30].

Some studies have suggested a root mean square error (RMSE) of topographic data
constructed using UAVs to be between 2 cm to 10 cm [49–52]. The precision of the detention
pond constructed in this study was 1.20 cm for ground sampling distance (GSD) and 0.4 cm
for RMSE, demonstrating a high-precision measurement performance. This is attributed to
the fact that in previous studies, the UAV’s shooting altitude exceeded 100 m or the GCP
count was less than 10. In contrast, this study employed a shooting altitude of 30 m and
17 GCPs, resulting in the creation of high-precision topographic data. Leveraging the utility
of UAVs to evaluate the adequacy of disaster reduction facilities is expected to highlight
potential issues related to design, construction, or maintenance of reduction capabilities.

Currently, detention ponds situated in urban areas are scheduled for maintenance and
relocation during the heavy rain season in the Republic of Korea, from June to September.
However, this maintenance primarily involves the removal of sediment or suspended solids
deposited in the detention pond and does not encompass an evaluation of the performance
of the reduction facilities.

Discharge calculations in the field of hydrology employ various analysis methods
contingent upon the characteristics of each country. Research on discharge calculation using
UAVs has primarily focused on river roughness coefficients, flow velocity measurements,
monitoring, and discharge estimation [33–38,41–47]. Most studies have selected target
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basins centered around rivers, and the methodology for calculating discharge in urban
areas has not been extensively investigated. This is partly because the target basin areas are
generally large, making continuous operation with current battery performance challenging.
Surveying using a UAV requires a lot of expense and time depending on the area, so it is
difficult to use it for the entire watershed area. GCP surveying is conducted for accuracy,
but it is expensive to secure all elevation differences in urban areas. Additionally, in urban
areas, obtaining flight approval is complicated due to the elevated risk posed by high-rise
buildings, social infrastructure, and population density.

Therefore, in this study, discharge in the target basin was calculated by applying the
‘Design Discharge Calculation Guidelines’ established by the Ministry of Land, Infrastruc-
ture and Transport in 2012 to analyze the impact before and after development [48]. The
detention pond installed in the target basin secures 3401 m3 of additional storage volume at
a design frequency of 50 years, as indicated by the results of topography analysis compared
to the design drawing. Furthermore, even in the event of a flood exceeding the design
frequency, an additional storage capacity of 6486 m3 is secured. This analysis reveals that
the currently installed detention pond can accommodate more storage capacity during
heavy rainfall and surpasses the design frequency. With the anticipated advancement of
UAV battery performance and safety measures in the future, it is expected that calculating
discharge by applying land-use conditions according to urban development will become
feasible.

6. Conclusions

In this study, we assessed the adequacy of reduction facilities installed to maintain
the increased discharge resulting from urban development at a level equivalent to the
pre-development impact. The discharge calculations for urban development zones were
based on the ‘Design Discharge Calculation Guidelines’ established by the Ministry of Land,
Infrastructure and Transport of the Republic of Korea in 2012. We compared the impacts
before and after development. As the discharge increased due to the development project, a
topographic survey was conducted using a UAV to assess the disaster reduction detention
pond’s performance. We evaluated this by comparing design drawings with topography
analysis. The precision of the constructed detention pond was found to have an error of
1.20 cm in ground sampling distance (GSD) and 0.004 m in root mean square error (RMSE)
for the ground control point (GCP), thereby achieving high-precision topographic data.

Based on the 50-year frequency, the discharge that increases due to urban development
was analyzed to be 59.56 m3/s before development and 60.15 m3/s after development,
representing an increase of 0.59 m3/s. Disaster reduction facilities aim to reduce the
increased discharge following a development project. The reduction effect of the detention
pond was analyzed to be 58.99 m3/s, confirming that the reduction effect suggested in
the design drawing was achieved. The reduction effect, as analyzed by constructing
topographic data of the detention pond using a UAV, was 58.57 m3/s, indicating that
additional storage volume was secured compared to the design drawing. While some
discrepancies were observed when comparing the design drawing of the detention pond
with the specifications of the topography analysis, such as errors in floor height, top height,
and wave height, the storage capacity of the discharge control remained consistent between
the design drawing and topography analysis. Moreover, the total capacity of the ridge was
found to be greater in the topography analysis than in the design drawing.

The installation of facilities is typically executed based on design drawings, but it can
be challenging to achieve precision at the millimeter or centimeter scale at construction sites.
To address these differences between design and construction, the utilization of advanced
scientific technology is essential. This study proposed a method for evaluating adequacy by
constructing topographic data using a UAV. In this study, high accuracy was achieved by
setting the survey conditions using a UAV to a small area and low flight altitude. However,
the decrease in accuracy as the research area and flight altitude increases is something
that must always be considered. It is expected that this research method can be applied
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to analyze the causes of damage in urban development areas affected by heavy rainfall or
assess the construction quality of reduction facilities.
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