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Abstract: Green infrastructure is well recognized as a key urban climate mitigation strategy. In line
with this, and following a central government decree, Jakarta Municipal Government has created
a green infrastructure target of 30% underpinned by a green space weighting factor. This study
questions the efficacy of such a “universal” target setting from the point of view of outdoor thermal
comfort and demonstrates the basis for an alternative approach. Based on a “new’ green factor
developed from a systematic analysis of the literature, thermal comfort simulations of representative
local climate zones (LCZ) show that improvements in current green space policy are possible. We
enumerate a rational basis for specifying green space targets per local area based on contextual
realities as captured by the LCZ approach. Such a nuanced approach to mitigate the human comfort
consequences of inadvertent urban growth is not only more contextually appropriate but also
enhances the feasibility of achieving the intended goal of urban greening in Jakarta.

Keywords: urban heat island; green infrastructure; open space; Jakarta; planning policy

1. Introduction

Elevated temperatures resulting from global climate change super-imposed on urban
warming due to the urban heat island (UHI) effect are a serious public health concern [1].
This is particularly problematic in hot, humid regions of the world, where the increasing
frequencies of heatwaves are likely to threaten urban resilience to climate change. The
overheating risk is further enhanced by a combination of urban-scale impacts (e.g., reduced
ventilation, increased waste heat, lack of green space, and dense built-up areas), [2] as well
as building-scale impacts [3].

Green infrastructure (GI) has been proposed as one possible intervention that may
help mitigate the UHI effect and to enhance human health and comfort. Trees and other
types of vegetation can reduce air and radiant temperatures via shading and evaporative
cooling [4] and these are further influenced by site-specific conditions [5]. In light of this,
and as indicated in the section below on “Environmental context of Jakarta, Indonesia,” the
Jakarta city government has set a green area target of 30% of the total city area, following
the national law of the Central Government of Indonesia. Nevertheless, less than a third
of this target has been achieved in 20 years, indicating the need to base such targets on a
realistic, rational, and evidence-based approach.

In this paper, we aim to show the limitations of a city-wide GI target and propose a
better way to approach GI target setting based on local climate realities. We explore the
implications of our findings for open space policy in warm, humid climates in general.
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2. Background
2.1. Urban Warming and Green Infrastructure

The UHI mitigation strategies can be grouped into three: (1) increase vegetation cover,
(2) increase thermal reflectivity (albedo) of urban surfaces, particularly roofs, and (3) ma-
nipulate urban geometry [6]. At the city scale, these three are controlled by the number
of buildings, greenery, and pavement, and could be measured in terms of green plot ratio
(GnPR) [7], sky view factor (SVF), surrounding building density, the wall surface area,
pavement area, and albedo [8]. Based on several case studies, Wong et al. [8] showed that
in the tropics the largest cooling impact (up to 1.2 ◦C) is achieved by variables such as
GnPR, building height, and density. GnPR has the highest impact due to the shading and
evapotranspiration effects of trees. As such, increasing the vegetation cover is the most
common intervention to mitigate not only the heat but also human health [4]. Green infras-
tructure can reduce the impact of air pollutants, enhance carbon sequestration, contribute
to rainwater infiltration and flooding risk control, cool the air through tree transpiration
and shading, and reduce energy consumption and the UHI effect.

The cooling effect of GI can reach up to 500 m from the edge of large green patches [9]
but this is strongly influenced by not only the quantity of green space [10] but also their spa-
tial distribution [11], as well as the type of green spaces (such as forests, [12]). Refs. [13,14]
provide a framework to quantify three different health benefits of greenspace: reducing
harm (air pollution, heat, and noise), restoring, and enhancing capacities.

Nazarian et al. [15] stated that thermal comfort is a top priority with a direct impact
on productivity and cognitive performance, wellbeing, and health of urban dwellers.
However, its practical implementation would necessitate comprehensive, accurate, and
easy-to-understand evaluations of outdoor thermal comfort. The proposed outdoor thermal
comfort autonomy uses metrics that quantify outdoor space performance with regards to
thermal comfort and heat stress.

2.2. Quantification of GI

Given the variety and type of urban green infrastructure (natural and semi-natural
forests, trees, grass meadows, roof gardens, green walls, etc.) it is necessary to devise
ways to quantify their ecological effectiveness (including cooling effectiveness). One
of the early works in recognizing the differences in different landscape elements is the
GnPR developed by Ong [7], which used the leaf area index (LAI) as a proxy for the
ecosystem services provided by the different green covers. A commonly used contemporary
strategy is to assign different weights to different GI classes, depending on their “ecological
effectiveness” [16,17]. Several cities have recently developed calculation tools as a means
to quantify the disparate GI features into a single metric to aid planning decision making.
While different names are assigned to these metrics, a common name appears to be green
area factor (GAF) or green factor (GF). The use of the term “factor” denotes the urban
planning decision making nature of the exercise—GAF/GF is an attempt to give more or
less credit to various GI in proportion to the ecosystem services provided by them. The
GAF/GF is a planning instrument developed by cities to aid their environmental agenda
of reconnecting people and nature, reducing energy consumption, enhancing flood control,
restoring the full hydrological cycle, preserving and enhancing wildlife habitats, improving
urban aesthetics, and building a new green identity in a thermally comfortable urban
environment [18]. In general, typical GAF is composed of three interconnected components:
ratings to compare different GI features (such as trees, grass, roof gardens, etc.); set of
targets (depending on land use and urban functions), and a final ratio determined for each
parcel of land [19].

There appears to be two approaches to quantify ecosystem services provided by
different landscape elements.

1. Connection to surrounding soil assigned the highest value without regard to the type of
vegetation cover, and the depth of soil structure rather than the vegetation highlighted;
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2. An inclusive calculation that accounts for both the existence of landscape elements, as
well as the soil structure

Table 1 shows a comparison of different green factors from around the world. In
keeping with the first approach to quantify ecosystem services provided by GI, “sealed
surfaces” (such as paved areas) are typically assigned a zero score. Some of the green
factors shown in Table 1 have been adjusted so as to make them comparable.

Table 1. Green factors from different cities.
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Sealed areas
(non-permeable surfacing without
plant growth, including buildings

without green roof)

0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Partially sealed areas 1, 2

(semi permeable surfacing)
0.30 0.29 0.30 0.30 0.40 0.20 0.40

Semi-enclosed areas 1, 2

(permeable surfacing)
0.50 0.40 - - 0.20 - 0.50 0.50

Vegetation surface not connected to
surrounding soil

with depth < 70 cm 1, 2
0.50 - 0.40 0.70 0.60 0.60 - 0.30

Vegetation surface not connected to
surrounding soil

with depth > 70 cm 1, 2
0.70 - 0.60 0.90 1.00 0.80 0.60 0.60

Vegetation surfaces connected to
surrounding soil 1.00 - 1.00 1.00 - 1.00 - -

Lawn, grass, other groundcover 1, 2

(plants less than 0.6 m tall)
- 0.31 0.45 0.45 0.10 0.25

Shrubs 1, 2 - 0.49 0.60 0.65 0.30 0.30
Tree-small 1, 2 - 0.66 10.00 0.30 0.50

Tree-medium 1, 2 - 0.00 15.00 0.60 0.60
Tree-large 1, 2 - 0.80 20.00 0.90 0.70

Large tree-preserved 1, 2 - 0.85 20.00 1.00 0.70
Façade vegetation 1, 2

(Green vertical areas on external walls
excluding window areas)

0.50 0.26 0.70 0.60 0.40 0.80

Roof greening 1, 2 0.70 0.47 0.60 0.65 0.60 0.60 0.70
Rainwater infiltration and

storm-water features1, 2 0.20 0.47 0.20 0.20 0.20 0.20

Bonus Elements 1, 3 No Yes No No No No Yes Yes

1 Values are either averages or nearest similar categories to enable comparison. 2 Missing values indicate no
equivalent green factor could be found. 3 Bonus elements are additional green factors over and above those listed.

Berlin and NW England fall under the first category (i.e., connection to surrounding
soil), followed by Southampton and London with the inclusion of ground cover vegetation
such as grass and shrubs in their calculation. On the other hand, Helsinki, Seattle, Wash-
ington DC, and Malmö give credit to different ground cover, shrubs, and trees and are
therefore examples of the second category (i.e., inclusive calculations).

Not all cities have all of the “Landscape elements” shown in Table 1; in some cases,
there is greater variety within a single “Landscape element” (such as “Rainwater infiltration
and stormwater features” in Helsinki, which has six different sub-categories). Where these
differ, an average value has been used. The selected green factors compared in Table 1 are
not meant to be exhaustive; these merely reflect only those that are comparable across the
many landscape elements specified in the Table.
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2.3. Environmental Context of Jakarta, Indonesia

The key environmental concerns in Jakarta (6.12◦ S, 106.49◦ E), capital of Indonesia are
flooding (USD357 million damage in 2007 according to the Jakarta Disaster Management
Department); UHI (recognized as a major environmental hazard in the city [20] with a
strong correlation between land surface temperatures and the density of impervious sur-
faces); and air pollution. Jakarta’s annual average levels of PM2.5 in 2018 was 45 µg/m3 [21],
against the World Health Organization, WHO, air quality threshold of 25 µg/m3 for 24 h
exposure [22]. PM2.5 levels in the Special Capital Region of Jakarta have a positive correla-
tion with temperatures and fraction of residential land cover and a negative correlation
with NDVI and humidity [21].

Given the role of land cover (especially green cover) in addressing all of the above
environmental concerns, the Jakarta city government considers GI as key to mitigating
the environmental issues in the metropolitan region. Several policy and legal instruments
exist to promote GI in the region, for example, Law No. 27 (2007) of The Republic of
Indonesia concerning Spatial Management (see http://sim.ciptakarya.pu.go.id/p2kh/
knowledge/detail/uu-26-2007-law-spatial-planning, accessed on 23 January 2022, for an
English translation), the proportion of “ideal” green area in big cities such as Jakarta is
set at 30% of the total city area, with 20% public green areas, and 10% for the private
sector. Ministry of Home Affairs Regulation No. 1/2007 (http://extwprlegs1.fao.org/
docs/pdf/ins74544.pdf, accessed on 23 January 2022) concerning the arrangement of
green/open spaces in urban areas classifies the functions of green area as a buffer for urban
conservation areas, pollution control and environmental damage, biodiversity protection,
water system control, and as urban aesthetics (Ministry of Home Affairs, Regulation No.
1/2007). However, these targets are area based and do not differentiate between the
different types of GI.

Based on the Ministry of Public Works Green City Roadmap 2015, the total area of
Jakarta Green space in recent years was only 9.97% in public areas (against the target of 20%)
and the shortfall in meeting the total green area is 6520 Ha. This discrepancy between “law”
and “practice” of green open space in Jakarta is highlighted elsewhere (for example, [23]).

One of the strategies to improve Jakarta’s green open space, according to Jakarta’s
Provincial Spatial Plan 2030, is to increase the quantity and quality of green open space
distribution throughout the city’s districts and to maintain the availability of green open
space, one of which is the implementation of the green area factor (GAF) particularly for
government buildings and vertical greenery. While this is a useful attempt to account for
the differences in ecosystem services provided by different types of GI, a rational basis for
such GAF does not exist at present. Similarly, the efficacy and practicality of green space
approaches to cooling have not been previously studied.

3. Materials and Methods

The present work aims to develop a new green factor for Jakarta and propose a better
way to approach GI target setting based on local climate realities rather than a blanket,
city-wide approach.

Our approach was based on six steps:

1. Literature based search for green area indices;
2. Develop own “New Green Factor” for cooling in Jakarta;
3. Classify Jakarta metropolitan area into climatically similar zones (local climate zones—LCZ);
4. Select representative examples representing a majority of Jakarta’s land use;
5. Explore the cooling effect of GI on the basis of maximum possible green cover in these

representative areas;
6. Evaluate cooling potential/limitations and propose next steps.

Jakarta has a tropical monsoon climate with high, year-round temperature (average
monthly temperature 28.9 ◦C, diurnal range = 26–32 ◦C), very high rainfall (average annual
rainfall = 1243.8 mm), and high humidity (>70%) (http://statistik.jakarta.go.id, accessed on
23 January 2022,). With over 10 million population and high population density (16,376 per

http://sim.ciptakarya.pu.go.id/p2kh/knowledge/detail/uu-26-2007-law-spatial-planning
http://sim.ciptakarya.pu.go.id/p2kh/knowledge/detail/uu-26-2007-law-spatial-planning
http://extwprlegs1.fao.org/docs/pdf/ins74544.pdf
http://extwprlegs1.fao.org/docs/pdf/ins74544.pdf
http://statistik.jakarta.go.id
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km2), Jakarta metropolitan area (“Jabodetabek”—an acronym of Jakarta, Bogor, Depok,
Tangerang, and Bekasi) is the second-largest metropolitan area in the world [24].

We developed our own “New Green Factor” for Jakarta as follows. First, we listed
fifteen landscape elements as categories to structure the proposed “New Green Factor”.
Thereafter, all the selected weighting factors were normalized (0 to 1). Note that Malmo’s
green factor values for trees are not normalized. Although a simple averaging of all of the
selected green factors may lead to a skewed value for trees, we have retained the original
numbers in the expectation that trees have a disproportionately high influence on cooling
ecosystem service than all other types of GI [25]. It is customary to assign weightage factors
based on expert opinion [26]. In the absence of such expert opinion, and given that the
selected factors were themselves based on expert opinion, we simply averaged them all to
derive our proposed “New Green Factor”. In other words, ours is an average of “expert
opinions”. We have aimed to accommodate as many possibilities of landscape elements
as possible for implementation and consider the practical difficulties of applying green
infrastructure in the Jakarta Metropolitan area, based on the own experience of one of
the authors.

The third step involved the classification of the city region into climatically similar
areas. We followed the well-known supervised classification process called the “World
Urban Database and Access Portal Tools” (WUDAPT) protocols [27] to classify the region
into 17 local climate zone (LCZ) classes [28]. We selected 145 training areas to train the
machine to classify the whole Jakarta metropolitan area into LCZs. In this process, we
relied on our own local knowledge of land use and land cover across the region.

Having developed an LCZ map of the Metropolitan area, Step 4 involved the selection
of “representative” locations that account for the majority of LCZ classes in the region. We
selected LCZ classes that account for the majority of the Jakarta metropolitan region. The
following steps guided their selection:

• At least 400 m × 400 m in extent and entirely consist of the same LCZ class (to facilitate
the simulations in Step 5);

• Located in the center of an LCZ patch (to minimize the “edge” effect);
• Conform to local development plans, design guidelines, limitations due to conserva-

tion area and nature of ownership to increase the possibility of GI implementation.

Step 5 involved the exploration of the cooling potential of GI in the selected places
as per Step 4. This involved ENVI-met simulation and comparison of mean radiant
temperature (as a proxy for thermal comfort) of the existing situation (“base case”) against
a future “green” scenario where the maximum green cover possible in each location is
assumed to have taken place (“best case”). MRT is an excellent predictor of thermal comfort
and has been widely used in the past as a proxy for thermal comfort [29]. While outdoor
human thermal comfort indices such as PET or UTCI exist, these need to be validated for the
local context and only a few studies have attempted this (less than 10% of outdoor thermal
comfort studies, according to a recent survey [29]). In order to indicate thermal discomfort,
we also calculated the predicted percentage of dissatisfied (PPD). It is to be noted that
PPD (a corollary of PMV) was developed for indoor comfort, it is therefore a limitation of
the present study. However, we have used PPD only to highlight the relative differences
(between cases) of thermal dissatisfaction and not the absolute values. Together with MRT,
such relative PPD values could provide a measure of thermal comfort/discomfort. Both
the PPD and MRT values were calculated using the ENVI-met software and are reported
at a height of 1.5 m above ground. We use our own proposed “New Green Factor” as
developed in Step 2 to calculate the maximum green cover possible.

ENVI-met is a prognostic non-hydrostatic model for the simulation of surface–plant–
air interactions. It comprises a 3D main model and a one-dimensional (1D) atmospheric
boundary layer (ABL) model, which extends from the ground surface up to 2500 m. ENVI-
met has a typical horizontal resolution from 0.5 m to 5 m and a typical time frame of 24 h
to 48 h with a time step of 1 s to 5 s, which meets the criteria for the accurate simulation
of physical processes, suitable for microclimate studies at the neighborhood scale. The
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atmospheric system solves Reynolds-averaged Navier–Stokes equations using a 1.5 order
turbulence closure k-εmodel. The model has been extensively validated, including in warm
climates [30–35]. For a full review of validation studies, proper procedures for simulations
and their limitations, see [36,37].

Input parameters for ENVI-met simulation are given in Table 2 below. The geometric
models of the selected sites are shown in Supplementary Materials.

Table 2. ENVI-met simulation parameters.

Parameter Details

M
ai

n
pa

ra
m

et
er

s Domain size 400 m × 400 m

Grid size dx = 5; dy = 5; dz = 3; (for LCZ 1,
dx = 5; dy = 5; dz = 15)

Start date 15 June 2020
Start time 18:00
Total simulation time 30 h
simple/full forcing simple forcing

Nesting grid no nesting grid for LCZ 8, LCZ 6
and LCZ 3; (8 for LCZ 10 and 1)

C
lim

at
e

Wind speed measured in 10 m height (m/s) 6
Wind direction (deg) 230
Roughness length at measurement site 0.01
Min. Air Temperature (Tmin) 26 ◦C
Max. Air Temperature (Tmax) 32 ◦C
Min. Relative Humidity (qmin) 71%
Max. Relative Humidity (qmax) 93%

So
il

co
nd

it
io

n

Initial Temperature upper layer (0–20 cm) (◦C) 29
Initial Temperature middle layer (20–50 cm) (◦C) 28
Initial Temperature deep layer (50–200 cm) (◦C) 27
Initial Temperature bedrock layer (below
200 cm) (◦C) 26

Soil humidity upper layer (0–20 cm) (%) 86
Soil humidity middle layer (20–50 cm) (%) 78
Soil humidity deep layer (50–200 cm) (%) 70
Soil humidity bedrock layer (below 200 cm) (%) 65

Finally, we created a composite “cooling map” of Jakarta metropolitan area. This
is based on the assumption that the maximum possible greening being met across the
whole region. This enabled us to estimate the likely city-wide cooling effect of the current
GI policy and to explore future policy directions and the next steps needed to cool the
city adequately.

4. Results

The proposed “New Green Factor” for Jakarta is shown in Table 3. These were used to
quantify the GI in the rest of the study.

Table 3. Proposed “New Green factor” for Jakarta.

Landscape Elements Proposed “New Green Factor”

Sealed areas
(non-permeable surfacing without plant growth,
including buildings without green roof)

0.00

Partially sealed areas
(semi permeable surfacing) 0.31

Semi-enclosed areas
(permeable surfacing) 0.42
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Table 3. Cont.

Landscape Elements Proposed “New Green Factor”

Vegetation surface not connected to surrounding soil
with depth < 70 cm 0.52

Vegetation surface not connected to surrounding soil
with depth > 70 cm 0.74

Vegetation surfaces connected to surrounding soil 1.00
Lawn, grass, other groundcover
(plants less than 2 feet tall) 0.31

Shrubs 0.47
Tree-small 2.86
Tree-medium 4.05
Tree-large 5.60
Large tree-preserved 5.64
Façade vegetation 0.54
Roof greening 0.62
Rainwater infiltration and storm-water features 0.25
Bonus Elements No

Figure 1 shows the LCZ classification of the Jakarta Metropolitan Area. Table 4
enumerates the fraction of the city covered in each of the LCZ classes. As can be seen from
Table 4, five classes of LCZ account for nearly 70% of the entire urban area (LCZ 1, 3, 6, 8,
and 10). This provided the basis for the selection of simulation locations.
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Table 4. Distribution of LCZ classes in the Jakarta Metropolitan Region.

LCZ Class Fraction

LCZ 1—Compact high-rise 7.46
LCZ 2—Compact mid-rise 2.43
LCZ 3—Compact low-rise 11.80

LCZ 4—Open high-rise 2.53
LCZ 5—Open mid-rise 2.24
LCZ 6—Open low-rise 15.35

LCZ 7—Lightweight low-rise 3.79
LCZ 8—Large low-rise 23.37
LCZ 9—Sparsely built 5.71

LCZ 10—Heavy Industry 11.65
Non-built classes 13.68

Top five in bold.

Table 5 describes in detail the urban characteristics of the five selected areas, represent-
ing each of the LCZ classes that together account for the vast majority of land cover in the
city. Figure 2 shows the locations and images of the selected sites.

Table 5. Description of urban characteristics of the selected sites.

Attributes LCZ 1 LCZ 3 LCZ 6 LCZ 8 LCZ 10

Location

Senayan Sub
District,

Kebayoran Baru
District, South

of Jakarta

Tambora District,
West of Jakarta

Menteng District,
Centre of Jakarta

Tegal Alur sub
district, Kalideres,

West of Jakarta

Rawabadak
Selatan Sub

District, Koja
District, North

of Jakarta

Sub-district area 1.53 Km2 0.32 Km2 2.44 Km2 4.97 Km2 1.0162 Km2

Population
5969; population

density: 12.03
people/Km2

29,728
people/KM2;

population density
92.9 people/Km2

29,347; population
density: 12.03
people/Km2

101,137;
population density:
20.36 people/Km2

49,817; population
density of 49,022

people/Km2

Key characteristics

One of the major
sub-area of the

Central Business
District of Jakarta

Highly dense
populated, one of

the most
populated

sub-district in
South East Asia

Cultural and
heritage residential
conservation Area

Growing
residential area

with small
industries,
informal

characteristics

Part of
state-owned oil
and natural gas

company in Jakarta

Built form

Dense, several tall
buildings more
than ten stories;

free-standing
buildings closely
spaced. Low sky

view; steel,
concrete, and glass

construction.
Mostly paved, few
trees, high heating

demand, and
heavy traffic

Highly densely
populated area

1–2 stories
detached

residential
buildings, varied

construction
materials, dense

trees, and
abundant plant
cover, low space
cooling demand,

low traffic

1–2 stories tall
industrial

buildings with
large building

footprint, varied
construction

materials, few
trees, mostly

paved or
hard-packed.

Moderate cooling
demand and

moderate traffic

Mid-rise industrial
structure, openly

spaced on
hard-packed
surface, with
construction

material
dominated by steel,

concrete, and
metal, few trees
and low traffic
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Figure 2. Map of the Jakarta Metropolitan Region showing the selected sites.

Table 6 shows a comparison of green scores for the existing (“base case”) and the “best
case” for all five selected locations. The “best scenario” refers to the maximum possible
green cover achievable at a given site, using our new green factor. It could be seen from
this table that the official target (30% GI cover) is not always possible to be achieved in all
areas, without reducing the built cover.
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Table 6. GI score for “base” and “best” cases at the selected sites.
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Road 0.00 7362.30 0.00  7362.30  0.00  22,367.83  0.00 22,367.83 0.00 8348.10 0.00 8348.10 0.00 55,458.08 0.00  55,458.08 0.00 68,693.72  0.00 68,693.72 0.00
Buildings 0.00 105,876.57 0.00 105,876.57  0.00 103,146.16  0.00 103,146.16 0.00 145,852.07 0.00 145,852.07 0.00 44,077.61 0.00  44,077.61 0.00 52,175.02  0.00 52,175.02 0.00

Partially sealed areas   
(semi permeable surfacing)  0.31 23,380.56 7300.46  23,380.56  7300.46    0.00   0.00 0.00 8348.10 2606.65 60,464.31 18,879.67  60,464.31 18,879.67   0.00 0.00
Semi‐enclosed areas   
(permeable surfacing)  0.42 23,380.56 9819.84  23,380.56  9819.84  0.00  0.00   0.00 0.00   0.00 0.00  29,356.60 12,329.77   0.00 0.00
Vegetation surface not connected to sur‐
rounding soil   
with depth <70 cm  0.52   0.00          0.00   0.00 0.00   0.00 0.00    0.00   0.00   0.00
Vegetation surface not connected to sur‐
rounding soil   
with depth >70 cm  0.74   0.00          0.00   0.00 0.00   0.00 0.00    0.00   0.00   0.00
Vegetation surfaces connected to sur‐
rounding soil  1.00   0.00        34,486.01  34,486.01 34,486.01 34,486.01 5799.83 5799.83 5799.83 5799.83 0.00    0.00 39,131.26  39,131.26 39,131.26 39,131.26
Lawn, grass, other groundcover   
(plants less than 2 feet tall)  0.31   0.00        0.00   0.00 0.00   0.00 0.00    0.00 0.00   0.00
Shrubs  0.47   0.00          0.00 4757.61 2222.48 740.00 345.69 740.00 345.69 984.70 459.99  984.70 459.99   0.00   0.00
Tree ‐ small  2.86 16.00 45.83  116.00  332.26  123.00  352.31 123.00 352.31 31.00 88.79 31.00 88.79 18.00 51.56  81.00 232.01 34.00  97.39 77.00 220.55
Tree ‐ medium  4.05 9.00 36.45  29.00  117.45  92.00  372.60 107.00 433.35 0.00 83.00 336.15 4.00 16.20  58.00 234.90 13.00  52.65 62.00 251.10
Tree ‐ large  5.60   0.00  3.00  16.80    0.00   0.00 0.00 13.00 72.80 0.00  23.00 128.80   0.00 24.00 134.40
Large tree ‐ preserved  5.64   0.00        10.00  56.37 10.00 56.37 0.00   0.00 0.00    0.00     0.00
Façade vegetation  0.54   0.00        0.00  0.00 8276.45 4492.93 0.00   0.00 0.00    0.00   280,227.49 152,123.49
Roof greening  0.62   0.00 105,876.57  65,276.15  0.00  0.00 9678.73 5967.23 0.00 116,681.65 71,937.81 0.00  25,388.28 15,652.65   56,366.00 34,751.36
Rainwater infiltration and stormwater fea‐
tures  0.25   0.00          0.00   0.00 0.00   0.00 0.00    0.00     0.00

TOTAL AREA      17,202.58   82,862.95   35,267.29    48,010.69   6234.31   81,187.72   19,407.42   47,917.80    39,281.30   226,612.17 
160,000      10.75%   51.79%   22.04%    30.01%   3.90%   50.74%   12.13%   29.95%    24.55%   141.63% 
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Table 7 and Figure 3 tabulates and visually represent (respectively) the results of the
“best case” application of GI on the selected study date (16 June 2020), when the weather
was typical of a warm, humid location such as Jakarta (day/night air temperature/humidity
conditions were 32 ◦C/71% and 26 ◦C/93% respectively). The results are presented as
differences between the “best” and the “base” cases. A negative value means the “best”
case is warmer while a positive value indicates the best case is cooler than the “base” case.
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Figure 3. Thermal comfort changes due to green infrastructure (above) MRT differences and (below)
predicted percentage of dissatisfied (PPD).
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Table 7. Maximum and minimum MRT (in ◦C) for all selected sites.

LCZ8 LCZ6 LCZ3 LCZ10 LCZ1

Base Best Base Best Base Best Base Best Base Best

MRTmin (◦C) 43.95 41.1 40.32 40.75 35.72 32.86 46.87 45.18 36.81 36.65
MRTmax (◦C) 71.5 68.8 68.7 69.1 64.19 61.86 75.16 73.86 65.35 66.64

It can be seen from the above that in LCZ 8 and LCZ 3, the addition of >40% green
cover leads to an MRT reduction of approx. 2.5 ◦C. In LCZ 10, 17% increase in green cover
lowers MRT by about 1.5 ◦C. However, in LCZ 6, where greater increase in green cover is
not possible (i.e., difference in green cover between “base” and “best” cases <8%), more
green cover leads to a modest increase in MRT (≈0.4 ◦C). This is due to the very high built
cover (see Supplementary Materials for the base case model) where any further increase in
shading (by green cover) could lead to a reduction in ventilation. A modest increase in MRT
is also seen in LCZ 1. In fact, the tall buildings at this site already provide considerable
shade and the addition of a large amount of GI (+117%) further reduces ventilation.

The results show positive effects of GI only in three LCZ categories: LCZ 3, LCZ 8,
and LCZ 10. In these locations, the higher the GI cover, the larger the reduction in MRT.
On the contrary, LCZ 1 (compact high-rise, which has the highest built cover), shows an
increase in MRT even with a very high GI cover. Shadows from high-rise buildings create
large cooling pockets at this site.

The absolute maximum effect of GI at the warmest time of the day (14:00 h local time)
is shown in Table 8. The three listed LCZs (3, 8, and 10) represent nearly half (46.8%) of
Jakarta. Based on this, an extrapolation across the Jakarta Metropolitan Area of the likely
maximum cooling effect of GI is shown in Figure 4.
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Table 8. Maximum MRT reductions at the warmest time of day (14:00 hrs local time).

“Best” Possible
Green Area Max MRT Reduction % of Total Land Area

of Jakarta

LCZ 8 52% 2.8 23.37%
LCZ 3 51% 2.6 11.80%
LCZ 10 30% 1.5 11.65%

5. Implications

One of the distinctions that is gaining increased attention is the spatial pattern of GI.
In literature dealing with GI-based urban cooling, it is customary to distinguish between
the composition and configuration of GI. Masoudi et al. [38] defined composition of GI
(quantity) as those attributes that are not place-specific whereas configuration focuses on
spatial attributes (in which land use) as well as the distributional characteristics of green
patches. The target setting of GI needs to account for these differences as well (i.e., where
the target is to be set, as well as how much should be the target). Although we have not
distinguished between the two, it is indirectly implied in our approach to target setting
based on LCZ classes (which accounts for local land use as well as land cover). This tallies
well with a previous study [24] that found in Jakarta, not only the amount but also the
configuration of urban green spaces controls the land surface temperature (and therefore
UHI). As such, greening policies will need to focus on optimizing green spaces as opposed
to merely focusing on increasing the number of green spaces.

Such optimization would benefit from more evidence-based quantification of cooling
services provided by actual green spaces in warm, humid cities. In particular, studies on the
quantitative and qualitative requirements for multiple ecosystem service provision of urban
green space in compact and/or rapidly growing cities are needed [39]. This would help
to better contextualize the green space quantification that we have developed in Table 3
that attempted to synthesize the current state of knowledge from different cities around the
world, but not specific to warm, humid cities.

Finally, there is a need to acknowledge the limitations of a GI-based cooling approach
to mitigate the UHI phenomenon. As shown in Figure 4, the amount of GI-based cooling
likely in a significant area of this highly compact/built-up city is negligible. In these
instances, other cooling approaches (including urban form-based shading—[40,41]) will be
needed. Better still, the approach to built-form in some parts of the city (compact, high plot
coverage, and high-rise) may need to be questioned: should the problem of UHI resulting
from such an approach to urban development be created in the first place before attempts to
mitigate it with GI is attempted? The present work shows that although GI-based cooling
in warm, humid climates is possible, it may not be adequate to tackle ALL of the local
warming created by urbanization. An integrated approach that tackles land use/land cover,
built-form as well as GI are needed to mitigate the negative consequences of UHI in warm
climate cities.

6. Conclusions

The present work shows that a more nuanced approach to green space target setting is
needed to manage local warming. While this is likely to be true in many cities, the need for
such an approach in rapidly changing, warm, humid cities is urgent, given the pressures on
land and the rapidity of urban growth. Besides, the health and wellbeing consequences of
urban warming are likely to be at their worst in this region. Such a nuanced approach needs
to consider local realities (including land value, need for development, space availability,
the practicality of installing large GI and/or presence of buildings, and other shading
possibilities) when setting GI targets. We have shown that an LCZ-based approach might
be useful in classifying sub-areas of cities into the local climate realities.

One of the significant findings from the present study is that a green intervention
approach could substantially cool the Jakarta metropolitan area but the levels of green
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cover needed to provide substantial cooling may be impractical in certain areas of the city.
In a majority of locations, the achievement of the current green cover target would lead to
modest improvements (MRT < 3 degrees) in local comfort conditions. This is certainly not
negligible but could be enhanced when used in conjunction with other strategies such as
the shadow provided by high-rises during daytime. GI target setting should be flexible
enough to account for such possibilities.

The following conclusions can be drawn from the present study:

• Given the warm, humid climate, diurnal cooling is necessary in Jakarta, but even a
maximal greening approach is insufficient by itself to substantially increase outdoor
comfort across the day

• Although the overall cooling provided by green cover is modest, there are some areas
of the city that could be made comfortable by the addition of trees. These improve-
ments need to consider local space use patterns and other urban form attributes (such
as building shading) to maximize the benefits of cooler outdoor conditions.

While GI has many positive attributes (such as biodiversity enhancement, high aes-
thetic value, better health, and psycho-social wellbeing) climate-sensitive design of the
public realm needs to rely on a variety of solutions, and not just GI. Only comprehensive,
site-specific, spatial, and functional analyses can identify the qualitative and quantitative
benefits of GI among a slew of other planning and design approaches. A benefit-cost
analysis of the extra-ordinary effort needed to increase green cover against only a modest
improvement in cooling across significant sections of the city needs to be made.
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