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Abstract 
The purpose of this research is to assess the effectiveness of various adapta-
tion measures in reducing the magnitude and uncertainty of future flood risks 
in Jakarta, a megacity in Indonesia. A flood inundation model and a flood 
damage costs model were developed to evaluate their effectiveness. Land use 
changes, land subsidence, and climate change were used to describe the future 
scenarios. The adaptation measures include both structural and nonstructural 
measures. The results show that recharge and retention ponds have the po-
tential to reduce the magnitude and uncertainty of flood risks by 33.2% and 
36.4%, respectively, which are higher than the potentials of the other struc-
tural adaptation measures. Among the nonstructural adaptation measures, 
managing land use zones could alleviate the magnitude of flood risks by 
29.0%, with an uncertainty reduction of 19.9%. These findings will assist de-
cision makers in selecting flood adaptation measures to address future envi-
ronmental changes. 
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1. Introduction 

Floods are among the major natural disasters that impact millions of people 
every year worldwide. Changes in the environment (e.g., climate change and 
land cover change) potentially intensify future flood risk. Some studies have 
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shown that the future flood risk is expected to increase due to climate change 
and land cover. Hirabayashi et al. [1] showed a large increase in flood frequency 
in some regions due to climate change, namely, Southeast Asia, Peninsular In-
dia, eastern Africa and the northern half of the Andes. Bradshaw et al. [2] 
showed evidence that the decrease in natural forest in some developing countries 
could increase flood frequency and duration. The change in the environment not 
only changes the flood risk but also increases the uncertainty of future floods. 
Januriyadi et al. [3] showed that climate change is expected to increase the future 
flood risk by 54% - 100%, while the combination of climate change and urban 
development potentially increases the future flood risk by 322% - 402%. The dif-
ferent percentages of the increase in flood risk show the uncertainty of future 
flood risks. The study showed that more combinations of environmental change 
are expected to increase the uncertainty of future flood risks. 

To address flood hazards, various adaptation measures (i.e., either structural 
or nonstructural measures) have been utilized. Moe et al. [4] examined the re-
duction in the inundation frequency and volume by improving the river capacity 
in Jakarta. They found that a 150% increase in the river capacity could reduce 
flood inundation by 15%. The construction of embankments or levees represents 
one option for increasing river capacity [5] [6], and these options are sometimes 
combined with nature-based protection [7] [8] [9]. In addition, nonstructural 
measures, such as early warning systems, could alleviate the damage costs caused 
by floods [10] [11]. However, the evaluation of the adaptation measures to re-
duce flood risks should consider not only the magnitude but also the uncertain-
ty. 

Based on the above explanation, future floods are expected to increase not 
only in magnitude but also in uncertainty. To reduce the magnitude and uncer-
tainty of future floods, this study applies several adaptation measures, either 
structural or nonstructural. We used flood damage costs to evaluate the magni-
tude of flood risk and the confidence interval to evaluate flood uncertainty. Ja-
karta City was selected as the study site because its characteristics can be classi-
fied as a megacity of a developing country, as explained in the next section. The 
research is expected to provide insight into selection in flood adaptation meas-
ures to reduce future flood risk. 

2. Study Area 

Jakarta, the capital city of Indonesia, is located in the western part of Java Island, 
as shown in Figure 1. Jakarta is the densest city in Indonesia, with a population 
density of approximately 15,000 people per km2. Several rivers pass through Ja-
karta, and the main river is the Ciliwung River. Excluding Jakarta, the basins of 
the rivers cover five cities and three regencies, which are categorized as develop-
ing regions with a varied population growth rate of 2.04% to 5.14%. 

Flooding is one of the severe problems in Jakarta. Hundreds of people have 
died due to flood events and millions of people have been affected. Weather and  
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Figure 1. Geographic and topographic map of the study area (the red line is the border 
line of the Jakarta Rivers Basin). 
 
topographical conditions are the factors that contribute to flooding in Jakarta. 
Rapid urbanization also amplified the flood problems in Jakarta. Farid et al. [12] 
found that the peak discharge under 2002 land cover conditions was 1.2 times 
the peak discharge under 1996 land cover. Jakarta also has a land subsidence 
problem that potentially increases the flood risk in Jakarta. Abidin et al. [13] ob-
served the land subsidence phenomenon in Jakarta from 1982 to 2010. The ob-
served subsidence rates were approximately 1 - 15 cm/year and can be up to 20 - 
28 cm/year at particular locations and during particular periods. 

3. Methodology 
3.1. Flood Inundation Model 

A flood inundation model of Jakarta was developed by previous studies [14]. 
The model was conducted in three modules: the rainfall runoff module, the river 
flow module, and the inland flow module. They calibrated the flood inundation 
model using radar rainfall data. They found that the correlation coefficient be-
tween observations and simulated averages is 0.8. Januriyadi et al. [3] also em-
ployed the model for evaluating future flood risk under land use change, land 
subsidence, and climate change scenarios. They assessed the climate change im-
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pacts using the precipitation of eight global climate models (GCMs) [15]-[22] 
with three emission scenarios (RCP 2.6, RCP 4.5 and RCP 8.5), which were cor-
rected for biases to the observed precipitation using a quantile mapping bias 
correction method. 

3.2. Damage Cost Estimation 

The study used flood damage costs to represent the flood risk. Damage cost es-
timation was divided into two steps. First, the damage costs were estimated 
based on return period rainfall events. Second, the expected annual damage costs 
(EADC) were calculated. The damage cost estimation was based on the land use 
classification. We used the damage-depth function of the Ministry of Land, In-
frastructure, Transportation, and Tourism [23] applied by Kazama et al. [24] to 
estimate the flood damage costs throughout all of Japan. 

Furthermore, the EADC were calculated by integrating the flood damage costs 
over the overall return periods [25]. This model assumes that the flood damage 
costs correspond to the depth of inundation. Kreibich and Dimitrova [26] found 
that the water level of floods has a significant connection to flood damage costs, 
especially for riverine floods. 

3.3. Adaptation Measure Scenarios 

This study used two categories of adaptation measures (i.e., structural and non-
structural). Each category has several options for adaptation measures. Recharge 
and retention ponds (RRPs), recharge wells (RWs), seawall protection (SWP) 
and green infrastructure (GI) are included in the structural category, while the 
nonstructural category consists of land subsidence control (LSC) and land use 
zoning (LUZ). 

3.3.1. Recharge and Retention Ponds 
The concept of RRPs is a structural adaptation measure that uses some large 
ponds inside the city to reduce flood risk. The ponds have the capacity to re-
charge water into the soil and retain floodwater. The ponds are also along rivers 
with side spillways. When the water depth in the river reaches a specific level, 
the water will spill out into the ponds. The water discharge on the spillway is 
calculated using Honma’s equation [27]. Moreover, the infiltration rate in the 
pond is estimated using Darcy’s equation on the inundated soil [28]. This study 
used three large ponds with a total area of 14.5 km2. The ponds are in three loca-
tions. Two of them are in the northwest and northeast parts of Jakarta, where the 
confluence of rivers is located. The third pond is in the Ciliwung River, which is 
the main river in Jakarta. The locations of the ponds are based on the damage 
costs due to flooding. [29] spatially identified three locations with high flood 
damage costs in Jakarta city (i.e., the northwest, northeast, and central parts of 
Jakarta). Moreover, the northeast and northwest parts have high land subsidence 
rates [13]. These situations are considered to determine the locations of RRPs; 
therefore, they can not only reduce flood risk but also mitigate the land subsi-
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dence problem in Jakarta city. 

3.3.2. Recharge Wells 
An RW is a well that not only stores floodwater but also recharges the water into 
the ground. This study assumes that the soil type in the whole basin is uniform. 
Therefore, the recharge rates of an RW can be calculated using Zangar’s equa-
tion for reverse auger-hole flow [28]. In the simulation, the RWs are involved in 
the rainfall runoff module, with an assumption that the average density of RWs 
is 200 RWs per km2. Therefore, the RWs reduced the discharge input in the river 
flow module. 

3.3.3. Seawall Protection 
The idea of the SWP effect comes from the current government’s project named 
the Garuda project, which constitutes a giant seawall that will protect northern 
Jakarta from tidal surges [30]. The project is expected to protect Jakarta city 
from coastal flooding and to quickly drain floodwater from the rivers by pump-
ing. By assuming that this project will be successful and that it could reduce the 
seawater level by 1.0 m, we simulated the effects of lowering the seawater level 
and calculated the reduction in flood risk. The SWP effect involves flood simula-
tion by reducing the boundary condition downstream in both the river flow 
module and the inland flow module. 

3.3.4. Green Infrastructure 
The “renaturing of cities” through GI could produce multiple benefits [31], such 
as a cooling effect [32] and the absorption of CO2 [33]. This study assumed that 
the types of GI are greenery walls and roofs, which have an average storage ca-
pacity of 2 litter/m2. We also assumed that GI covers all the urban areas. 

3.3.5. Land Subsidence Control 
Land subsidence is one of the factors that contributes to the increase in flood 
risk in Jakarta [3] [34]. The land subsidence rates in Jakarta are proportional to 
the amount of groundwater extraction [13]. Reducing groundwater withdrawal 
could prevent the land subsidence problem. On the other hand, the government 
of Indonesia has a plan to supply 100% of the water demand to the people by 
2019 [35]. Land subsidence linearly lowers the ground elevation. This study es-
timated the flood risk reduction by assuming that this government policy can 
stop land subsidence under three scenarios (i.e., stop by 2020, 2030, and 2040). 

3.3.6. Land Use Zoning 
Moving away from a disaster area is one option to reduce damage costs [36]. 
Laws and regulations, including land zoning, could minimize economic losses 
due to disasters. People who stay near rivers and oceans are susceptible to floods. 
This study calculated the reduction in flood damage costs by assuming that 
people will tend to avoid living within 500 m of the beach line and 25 m away 
from the riverside. 
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3.4. Baseline Condition 

Januriyadi et al. [3] studied the change in flood risk in Jakarta due to future sce-
narios. They used three future scenarios, namely, land use change, land subsi-
dence, and climate change. The land use change scenario was based on the land 
use projection in 2050. The projected land use was developed by Varquez et al. 
[37]. Furthermore, the land subsidence scenarios were based on the linear pro-
jection in 2050 using the current land subsidence rate. The land subsidence rates 
in Jakarta were measured by Abidin et al. [13]. Moreover, the climate change 
scenario used daily precipitation data of eight GCM outputs with three RCP 
scenarios. They divided the period into two categories, near-future (2011-2050) 
and far-future (2051-2100). They found that both near- and far-future flood risk 
is expected to increase significantly compared to that under current conditions. 

This study used the projected flood risk of Januriyadi et al. [3]. The baseline 
scenario for the near future has a mean EADC of 3271 ± 286 million USD with a 
confidence interval of 95%, whereas for the far future, it has a mean EADC of 
3535 ± 325 million USD. Figure 2 shows the box and whisker chart of EADC for 
the near- and far-future. The figure indicates the high uncertainty of future flood 
risk. The figure is used as the baseline values for the future flood risk in this 
study. This study evaluates how the adaptation measures reduce the baseline 
flood risk, as explained in the next subsection. 

4. Results 
4.1. Flood Risk Reduction 

Generally, this section describes the reduction in the EADC after applying adapta-
tion measures. Figure 3 shows a comparison for each adaptation measure scenario. 
A decrease in the EADC represents flood risk reduction. Table 1 presents a sum-
mary of the effectiveness of the different structural and nonstructural measures. 
 

 
Figure 2. Expected annual damage costs (EADC) for future scenarios (near- and 
far-future) as the baseline values before applying adaptation measures (horizontal red line 
indicates the median value of EADC). 
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Figure 3. Comparison of expected annual damage costs (EADC) for each scenario (hori-
zontal red line indicates the median value of EADC). 
 
Table 1. Summary of the effectiveness of the different structural and nonstructural 
measures. 

Adaptation 
measures 

Mean of EADC 
(million USD) 

Flood risk reduction (%) 

Magnitude Uncertainty 

Near-future Far-future Near-future Far-future Near-future Far-future 

RPPs 2186 ± 182 2186 ± 253 33.2 32.8 36.4 22.1 

RWs 3089 ± 296 3366 ± 340 5.6 4.8 −3.6 −4.7 

SWP 2907 ± 291 3176 ± 332 11.1 10.1 −1.7 −2.1 

GI 3186 ± 274 3441 ± 313 2.6 2.7 4.2 3.6 

LSC2020 1459 ± 184 1639 ± 220 55.4 53.6 35.7 32.3 

LSC2030 1640 ± 197 1836 ± 239 49.9 48.1 31.1 26.5 

LSC2040 1789 ± 201 1990 ± 246 45.3 43.7 29.7 24.3 

LUZ 2322 ± 229 2535 ± 264 29.0 28.3 19.9 18.8 

4.1.1. Recharge and Retention Ponds 
RRPs were located in an area with high inundation depths and high land subsi-
dence rates. There were three large ponds in this study. The calculation of the 
EADC also considered the inundation of these ponds. The results show that after 
RRPs are installed into the model, the mean EADC for the near future becomes 
2186 ± 182 million USD, while for the far future, it becomes 2186 ± 253 million 
USD. The reduction in the magnitude of the flood risk for the near future is 
33.2%, while for the far future, it is 32.8%. RRPs could reduce the flood inunda-
tion by diverging the flood water into ponds to avoid it inundating areas with 
high asset values. RRPs could alleviate the uncertainty of near-future and 
far-future flood risk by 36.4% and 22.1%, respectively. 

4.1.2. Recharge Wells 
The RWs distributed throughout the whole basin slightly reduced the flood 
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damage costs. The results show that the mean EADC after RWs installation for 
the near- and far-future periods are 3089 ± 296 and 3366 ± 340 million USD, 
respectively, reductions of 5.6% and 4.8%, respectively. RWs could slightly re-
duce the flood inundation by storing some amount of floodwater and infiltrating 
it into the soil. In contrast to RRPs, RWs fail to reduce the uncertainty of flood 
risk, which is shown by the negative values of uncertainty reduction percentages 
of −3.6% and −4.7%. 

4.1.3. Seawall Protection 
As mentioned in the previous section, the Indonesian government is construct-
ing a giant seawall to protect the northern beach of Jakarta. Based on our simu-
lation, the results show that the mean EADC for the near- and far-future periods 
become 2907 ± 291 and 3176 ± 332 million USD, respectively, if the project can 
reduce the seawater level by 1.0 m. The lower seawater level could alleviate the 
flood inundation in the land. This outcome means that the magnitude of the re-
ductions is 11.1% and 10.1%, respectively. Similar to RWs, SWP fails to reduce 
the uncertainty of floods by −1.7% and −2.1%, respectively. 

4.1.4. Green Infrastructure 
Furthermore, GI only slightly reduces the EADC compared with those of the 
other structural adaptation measures. The results show that GI reduces the mean 
EADC for the near- and far-future periods to 3186 ± 274 and 3441 ± 313 million 
USD, respectively. The flood magnitude reductions for the near- and far-future 
are 2.6% and 2.7%, respectively. Some amount of rainfall water stored in the ve-
getation leaves could reduce the rainfall that directly contributes to the rain-
fall-runoff process. The uncertainty reductions for the near- and far-future are 
4.2% to 3.6%. 

4.1.5. Land Subsidence Control 
Controlling land subsidence could avoid high economic losses due to flooding. 
Flood risk reduction depends on the success of stopping land subsidence. If land 
subsidence stops by 2020, the mean EADC could be reduced to 1459 ± 184 and 
1639 ± 220 million USD for the near and far future, respectively. If land subsi-
dence continues until 2030, the mean EADC for the near- and far-future will 
become 1640 ± 197 and 1836 ± 239 million USD, respectively. The scenario with 
land subsidence continuing until 2040 could alleviate the mean EADC to 1789 ± 
201 and 1990 ± 246 million USD for the near- and far-future, respectively. 

4.1.6. Land Use Zoning 
Regulations on land use zoning are also effective for reducing damage costs. The 
results show that migrating land use away from beaches and rivers could de-
crease the EADC for the near- and far-future periods to 2322 ± 229 and 2535 ± 
264 million USD, respectively. The reductions in flood magnitude for the near- 
and far-future periods are 29.0% and 28.3%, respectively; the reductions in un-
certainty are 19.9% and 18.8%, respectively. 
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4.2. Benefit Cost Analysis 

In terms of evaluating the effectiveness of the adaptation measures, the authors 
also evaluated the benefit cost ratio. The benefits are obtained from the differ-
ences between the EADC before and after installing the adaptations in the flood 
model. There are different ways of estimating the cost for each adaptation meas-
ure. The costs for RRPs and LUZ were estimated by assuming that the costs are 
similar to the building prices of the area used for ponds and relocations, which 
are 2521 and 3334 million USD, respectively. Based on the JICA report [38], the 
average cost required to construct a single well with a storage capacity of 1 m3 is 
approximately IDR 70,000. This study applied a recharge well volume of 62.8 
m3/ha. Therefore, the total subsidy for infiltration wells in the whole river basin 
is approximately 700 billion IDR or 72 million USD (2005 exchange rate). 
Moreover, the cost of the Garuda project is 40 billion USD [39]. For green infra-
structure, Toho-Leo’s expert mentioned that the cost of constructing one m2 of 
green roof or wall is approximately 75 USD. Moreover, the maintenance costs 
were assumed to be 10% of the construction costs. The interest and duration 
were assumed to be 10% and 50 years, respectively. 

The result of the benefit-cost ratio (BCR) is presented in Figure 4. The figure 
shows that GI and SWP produce minimal BCR values, with mean BCR values of 
0.004 ± 0.001 and 0.045 ± 0.001, respectively, while RRPs have a BCR mean val-
ue of 2.193 ± 0.226. The BCR value of RRPs could decrease if the calculation in-
cludes the construction costs. Furthermore, recharge wells have the highest BCR 
value (i.e., 9.076 ± 0.777). Even though the benefit value of RWs is smaller than 
that of RRPs and SWP, the construction costs of RWs are much cheaper than 
those of the other adaptation measures. 

5. Discussion 

Different types of adaptation measures have been applied to reduce the magnitude 
and uncertainty of future flood risks. These adaptation measures give different  
 

 
Figure 4. Boxplot for the benefit cost ratio of each adaptation measure for the near-future 
flood risk. 
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results in reducing future flood risk. Most of them could alleviate not only the 
magnitude but also the uncertainty of future floods. However, two of them, 
namely, RWs and SWP, fail to reduce the uncertainty. Based on the results, 
RRPs could decrease flood magnitude and uncertainty for the near future by 
33.2% and 36.4%, respectively, which are higher than the values of the other 
structural adaptation measures. On the other hand, controlling land subsidence 
could avoid higher flood risks in the future. Faster resolution of the land subsi-
dence problem could provide more benefits in future flood prevention. Applying 
flood structural adaptation measures that have the additional benefit of recharg-
ing groundwater could be one solution to prevent the land subsidence rate, 
namely, RRPs and RWs. Abidin et al. [13] found that groundwater extraction 
contributed to the land subsidence rate in Jakarta. Shi et al. [40] showed evi-
dence that the artificial recharge of groundwater could increase the groundwater 
level. If flood adaptation measures are installed, they are expected to not only 
reduce flood risk but also prevent severe land subsidence. 

Furthermore, as a megacity, Jakarta is also facing other environmental prob-
lems, such as air pollution. Resosudarmo and Napitupulu [41] predicted that the 
economic costs in Jakarta in 2015 due to air pollution would be 4384 billion IDR 
(approximately 451 million USD using the 2005 conversion rate). Even though 
the reduction in flood damage due to GI was smaller than that due to the other 
measures, it could reduce carbon emissions in the atmosphere. We can estimate 
the additional benefit of GI with regard to the reduction in carbon emissions by 
using the guidebook from the Center for Neighborhood Technology [42]. By 
assuming that the GI covers all of the urban areas and that the type of GI is a 
green roof, we can estimate an annual sequestered carbon amount of 242 thou-
sand tonnes for the whole watershed based on the land use projected in 2050 
(equivalent to a value of 15 million USD). These results indicate that the benefit 
of utilizing GI to reduce flood risks (which is valued at 48 million USD) is higher 
than that to reduce carbon emissions. 

Some capital cities in Southeast Asia also face similar problems as those in Ja-
karta. Pillai et al. [43] reported that three megacities in Southeast Asia, namely, 
Bangkok, Ho Chi Minh City (HCMC) and Manila, could be facing worsening 
flood problems due to climate change and urbanization. They also reported 
proposed adaptation measures for each city. A combination of improved drai-
nage pumping and coastal erosion protection was proposed to reduce the flood 
risk in Bangkok. These measures could reduce the inundation area for floods 
with a 30-year return period by 51%. In Manila, an investment to reduce floods 
with 30-year return periods in climate change scenarios could provide a net 
present value (NPV) of 9 billion PHP. However, an investment to reduce floods 
with a 5-year return period would provide a negative NPV of –0.5 billion PHP. 
HCMC has already proposed the construction of a system of flood measures that 
will significantly change the pattern of flooding and the hydrology of the city. 
The project would reduce damage costs by 35%. For a comparison with the re-
sults of this study, the reductions in the damage costs due to the application of 
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the adaptation measures in the study area vary from 2.1% to 33.8%, and the re-
charge and infiltration ponds have higher potentials to reduce flood damage 
compared with that of the other structural adaptation measures. In addition, 
migrating vital assets to safer places could be an option to avoid higher damage 
due to future flooding. Currently, the Indonesian government plans to shift the 
capital cities to Kalimatan Island [44] at an estimated cost of approximately 33 
billion USD. The capital shifting costs are much higher compared to those of the 
proposed adaptation measures in this paper, excluding GI and SWP. Although 
moving the capital city could avoid higher flood damage, the remaining asset, 
the old capital, should be protected from future floods. 

Coombes [45] provided a perspective of stormwater management to face fu-
ture floods. He suggested integrated stormwater management with continuous 
improvement could produce solutions that respond to multiple objectives, in-
cluding economic, social, and environmental criteria. This study succeeds in 
evaluating several flood adaptation measures, either structural or nonstructural, 
to alleviate future floods in a megacity. Some of them also have an additional 
benefit to the environment (i.e., RRPs, RWs, and GI). These findings are ex-
pected to provide more insights to policymakers in managing the stormwater in 
a megacity. 

6. Conclusions 

This study evaluated the effectiveness of several adaptation measures in reducing 
the magnitude and uncertainty of flood risks under future scenarios. A flood 
inundation model and a flood damage costs model were employed to assess the 
effectiveness of those adaptation measures. The future scenarios consisted of 
land use changes, land subsidence, and climate change. Additionally, both 
structural and nonstructural adaptation measures were applied in the models. 
According to the results, RRPs have the potential to reduce the magnitude and 
uncertainty of flood risks by 33.2% and 36.4%, respectively, which are higher 
than the potentials of the other structural adaptation measures. Among the non-
structural adaptation measures, managing land use zones could alleviate the 
magnitude of flood risks by 29.0%, with an uncertainty reduction of 19.9%. 

Our findings demonstrate that the megacities of developing countries should 
take some initiatives to reduce flood risks due to environmental changes. They 
should consider applying multi-benefit adaptation measures that could not only 
reduce flood damage costs but also alleviate other problems such as land subsi-
dence and air pollution. In addition, this study shows examples of multi-benefit 
adaptation measures that could be applied in other megacities. 
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