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Introduction

Cities or urban areas, as centres of economic activity, act as sig-
nificant contributors to greenhouse gas emissions globally [1-3]. 
Currently, the global population is still growing, albeit at a reduced 
rate. In 2022, the Eastern and Southeastern parts of Asia were the 
world’s two most populous regions, with approximately 2.342 bil-
lion people and representing 29% of the global population; accord-
ing to the middle scenario, the population was projected to increase 
slightly to 2.372 billion people in 2030 and then slightly decrease 
to 2.317 billion people in 2050 [4]. Moreover, 6.4 billion people, or 
70% of the global population, are projected to live in urban areas 
by 2050 [5]. Consequently, environmental problems due to dweller 
activities have emerged as an impact of economic development fu-
elled by urbanization [6].

Urban warming is caused by urbanization’s impact on local 
weather and climate combined with the effects of global warming; 
it results in altered mean and minimum temperatures, directly in-
fluencing high urban temperatures and increasing the energy re-
quirements for cooling [7]. Clearly, anthropogenic factors such as 
urbanization and industrialization will trigger high energy con-
sumption for living. In addition, using air conditioning systems in 
buildings leads to high energy consumption rates [8-10]. This is a 
challenging part of reducing energy demand, whereby implement-
ing passive cooling techniques to obtain a comfortable indoor ther-
mal environment is needed to mitigate urban warming and climate 
change.

Appropriate passive cooling techniques can be adaptively im-
plemented after investigating the various characteristics of local 
climatic conditions [11-17]. The local climate is the specific con-
dition to be addressed in different regions, such as high-, middle-, 
or low-latitude regions, and the sensitivity of teleconnections to 
regional climate variability, such as monsoons [18-22], the El Nino 
Southern Oscillation (ENSO) [23-27], and the Indian Ocean Dipole 
Mode (IOD) [28, 29], also needs to be addressed, especially in the 
hot-humid climate regions of Southeast Asian countries, such as In-
donesia.

 
Indonesia is an archipelagic country known as an “Equatorial Em-
erald” between the Indian and Pacific Oceans and the Asian and 
Australian continents; these regions have very complex and dynam-
ic physical characteristics of land-ocean-atmosphere interactions 
[30, 31]. Trade winds blow from the northeast and the southeast to 
the equator and are loaded heavily with moisture that evaporates 
from the Pacific and Indian Oceans. Consequently, the presence of 
high-density tropical rainforests near the equator in Indonesia re-
sults in high amounts of rain due to winds [32]. 

In general, almost all Indonesian regions are in monsoon-af-
fected areas [18, 19]. Most of those previous studies used a mon-
soon index to quantify monsoon variability in various regions of 
the world [20-22]. Several previous studies have also revealed the 
impacts of interannual variabilities in ENSO and the IOD mode over 
the Indonesian region [23-30]. Most related studies have focused 
on the influence of both ENSO and the IOD mode on rainfall in the 
region and on the effects of these modes on the agricultural sector 
[33], health sector [34, 35] and occurrence of forest fires [36, 37]. 
However, none of those studies directly linked those phenomena 
to the passive cooling potential of suitable low-carbon building de-
signs for Indonesia.

Putra, et al. [38] recently proposed a novel climate classification 
system for passive cooling potential across Indonesia based on de-
tailed data analyses of hourly weather records from 106 meteoro-
logical stations of the Indonesia Met Service (BMKG) for Indonesia. 
The new classification by Putra, et al. [38] was developed by consid-
ering the outputs of principal component analysis (PCA) and clus-
ter analysis of eight climate factors (global horizontal irradiance, 
air temperature, wind speed, relative humidity, precipitation, atmo-
spheric pressure, total cloud cover, and mixing ratio), and divides 
the country into 8 climate zones, namely, the equatorial (1A), sub-
equatorial (1B), highland tropical (2A), very highland tropical (2B), 
monsoonal (3A), savanna (4A) subsavanna (4B), and sub-savanna 
(4B) zones (Figure 1). The new classification is designed for passive 
cooling potential and differs from the widely used Köppen-Geiger 
classification [39, 40] which is based on vegetation patterns, air 
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temperatures and rainfall. Based on the resulting climate zones, 
Putra, et al. [38] described climate zones 3A (monsoonal), 4A (sa-
vanna), and 4B (subsavanna) as suitable for the comfort ventilation 
method. Moreover, zone 1B (subequatorial) is appropriate for ap-
plying passive cooling methods by combining night ventilation and 
comfort ventilation.

As described, Indonesia is affected by regional climate variabil-
ities, such as the Asian-Australian monsoon system, the ENSO, and 
the IOD mode. The relationships between regional climate variabil-
ities and weather conditions in major cities for each new classifica-
tion have yet to be investigated. Evaluation of these relationships is 

critical for understanding the characteristics of the newly proposed 
climate classifications.

The objectives of this study were to investigate the character-
istics of the urban climate in 22 major cities by evaluating the re-
lationships between urban weather elements and regional climate 
variability and to determine the characteristics of each climate 
zone from Putra, et al. [38] for estimating the passive potential of 
Indonesia. This paper is arranged in six sections, with a brief de-
scription of the new climate classification in the next section. Sec-
tion 3 describes the data and methods used in this study. The final 
three sections 4 to 6 present the results, discussion, and conclusion.

Figure 1: Map of Indonesia and the locations of the twenty-two major cities (A-V) in combination with the newly proposed climate zones 
(1A-4B) [38]. Altitude information is provided to highlight the highlands. (A. Jambi, B. Palembang, C. Pontianak, D. Balikpapan, E. Aceh, F. 
Bengkulu, G. Medan, H. Jayapura, I. Citeko, J. Depati Parbo, K. Pongtiku, L. Wamena, M. Tangerang Selatan, N. Bogor, O. Minahasa Utara, 
P. Semarang, Q. Lombok Barat, R. Kupang, S. Sumba Timur, T. Sumbawa Besar, U. Surabaya, and V. Sumenep)

Materials and Methodology

Material

Three daily weather elements (precipitation, average air tem-
perature at 2 m, and relative humidity) for 22 major cities in In-
donesia were collected and used in the analysis (Figure 1). The 
twenty-two major cities are defined by demographic profiles [41], 
and associated with the new climate classification by Putra et al. 
[38]. For the regional climate variability in this study, we consid-
ered five regional climate phenomena such as the Indian Summer 
Monsoon, Western North Pacific Monsoon, Australian Summer 

Monsoon, Indian Ocean Dipole, and El Niño/Southern Oscillation, 
represented by the corresponding Indian Summer Monsoon Index, 
Western North Pacific Monsoon Index, Australian Summer Mon-
soon Index, Indian Ocean Dipole Mode, and Multivariate El Niño/
Southern Oscillation Index version 2. Table 1 shows the summary of 
data used in the analysis. Table A1 provides a summary of the three 
daily weather records from BMKG, Indonesia, for the major cities. 
The observation period varies from the longest data, 1981-2013 
(32-year period), for Palembang, Balikpapan, Medan, Tangerang 
Selatan, Semarang, Sumbawa Besar, and Sumenep to the shortest 
data from Wamena during 2002-2013 (11-year period), including 
missing values.
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Table 1: Summary of the dataset used in this study, including precipitation, average air temperature at 2 m, relative humidity, and regional climate 

indices.

Datasets Definition/Description Period Temporal Resolution Source

Precipitation, average air tempera-
ture at 2 m, relative humidity Ground observation stations

Varies 
between 

1981-
2013(See 
Table A1)

Daily

Indonesian Agency for Meteorology 
Climatology and Geophysics (BMKG) 

https://www.bmkg.go.id

Indian Summer Monsoon Index 
(ISMI)

Δ U850 hPa (40°-80° E, 
5°-15°N) and (70°-90°E, 20°-

30°N)
1948-2015 Daily

Asia-Pacific Data Research Center, 
University of Hawaii 

http://apdrc.soest.hawaii.edu/proj-
ects/monsoon/realtime-monidx.html

[20-22]

Western North Pacific Monsoon 
Index (WNPMI)

Δ U850 hPa (100°-130°E, 
5°-15°N) and (110°-140°E, 

20°-30°N)
1948-2015 Daily  

Australian Summer Monsoon Index 
(ASMI)

Ū850 hPa (110°-130°, 15°-
5°S) 1948-2014 Daily  

Indian Ocean Dipole Mode Index 
(IODMI)

Δ SST anomaly (50°-70°E, 
10°S-10°N) and (90°-110°E, 

10°S–0°)
1870-2020 Monthly

Physical Sciences Laboratory National 
Oceanic and Atmospheric Adminis-

tration 
https://psl.noaa.gov/gcos_wgsp/

Timeseries/Data/dmi.had.long.data

 [42]

Multivariate El-Nino Southern Os-
cillation Index (MEI) version.2

Leading combined EOF of SLP, 
SST, U, V, and OLR (30°S-30°N, 

100°E-70°W)
1979-2020 Bimonthly

Physical Sciences Laboratory National 
Oceanic and Atmospheric Adminis-

tration 
https://psl.noaa.gov/enso/mei/ 

[43-47]

Methodology

Evaluation of the relationship between daily urban weather 
elements and regional climate variability was conducted in two 
steps, with time-lagged cross-correlation analysis for monthly and 
seasonal variabilities and time-series analysis with signal decom-
position for annual and interannual variabilities. 

Cross-correlation

The cross-correlation functions measure the associations be-
tween signals; thus, the degree of similarity between two sets of 
numbers can be quantified. When two timeseries datasets are cross 
correlated, a measure of temporal similarity is achieved [48]. A neg-
ative correlation indicates that the two time series have an inverse 
relationship. As one curve increases, the other decreases.

1

0
( )

N

xy i i
i

r x y
−

=

=∑  (1)

where N is the number of data points in each data series, xi is 
the ith data point of the first data series (daily timeseries of weather 
elements), yi is the ith data point of the second data series (regional 
climate indices), and rxy is the correlation. Then, one of the curves 
is shifted relative to the other. The number of data points for the 

shifted signal is called the lag and is denoted by  . In this study, 
cross-correlation analysis was used to identify the differences in 
lead-lag times with respect to how the regional climate influences 
the local climate in cities.

Empirical mode decomposition (EMD) and its variations

The division of a signal into its constituent parts is called de-
composition. Apart from the popular decomposition methods, 
the Fourier transform and the wavelet transform [49-52], EMD is 
an adaptive method empirically based on a concise mathematical 
foundation, and suitable for nonstationary and nonlinear data/time 
series [53, 54]. Numerous versions of EMD have been developed, 
including ensemble EMD (EEMD), complete EEMD with adaptive 
noise (CEEMDAN), and improved CEEMDAN (ICEEMDAN).

EMD breaks down a time series x(t) into intrinsic mode func-
tions (IMFs) based on the following algorithm [53-55]. 

Step 1. Determine all of Set k = 0 and find all extrema of r0 = x.

Step 2. Interpolate between the minima (maxima) of rk to ob-
tain the lower (upper) envelope emin (emax).

Step 3. Use m = (emin + emax)/2 to calculate the mean envelope.

Step 4. Calculate dk+1 = rk − m, for the IMF candidate.
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The outcome of the initial screening process is the IMF candi-
date.

Step 5. Is dk+1 an IMF?

An IMF candidate who meets both requirements is considered 
an IMF.

If yes, then save dk+1, calculate the residue 1 1

k
k ii

r x d+ =
= −∑

, perform k = k + 1, and proceed to step 2 treating rk as input data.

If not, proceed to step 2 using dk+1 as the input data.

Step 6. The procedure keeps on until the last residue rk meets 
the specified stopping requirement.

Steps 2 to 5 are the steps for determining the modes of IMF, 
known as the sifting process. 

Following the breakdown of a signal into a set of IMFs in as-
cending order using daily weather elements (precipitation, average 
air temperature at 2m, and relative humidity) and regional climate 
indices (ISMI, WNPMI, AUSMI, IODM, and MEI), the IMFs will dis-
play the corresponding descending frequency, and each IMF will 
display the specific information of the signal in the time domain.

Improved complete ensemble EMD with adaptive noise 
(ICEEMDAN)

In the following algorithm [55].

The EMD operator Ek(·) generates the kth mode. w(i) is the white 
noise. Then, local mean operator is denoted by M(·).

 Step 1. Use EMD x(i) = x + βoE1(w(i)) to find the local means 
of I realization in order to obtain the first residual ( )( )1

1 1r M w=
, where I is the number of realizations in the ensemble and the mag-
nitude of additional noise β > 0.

Step 2. The first mode is calculated in the first phase (k = 1), as 
follows: 1 1 d x r= −



.

Step 3. Determine the second mode: 
( )( )( )2 1 2 1 1 2
id r r M r E wβ= − − +



 and estimate the second residue 
as the average of the local means of the realizations r1 + β1E2(w(i)).

Step 4. For k=3, …, K, calculate the kth residue 

( )( )( )
1 1

i
k k k kr M r E wβ− −= + .

Step 5. Compute the kth mode 1k k kd r r−= −


Step 6. Repeat step 4 for the next k.

The constants βk = εkstd(rk) are selected to achieve the desired 
signal-to-noise ratio (SNR) between the additional noise and the 
residue to which the noise is added.

Data analysis process

Figure 2: Overall data analysis flowchart of this study.
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The daily weather element records for the 22 cities in Table 
A1 was first checked for the missing values. The missing data in 
the daily time series were treated with the mean value imputation 
method. To address the effects of regional climate variability on the 
local climates of the cities, the cross-correlation method was used to 
analyse the lead-lag correlations in the seasonal variations between 
weather elements and the regional climate. Then, ICEEMDAN was 
applied to decompose the daily weather records and the climate in-
dices into IMFs and to investigate the relationships between the rel-
atively low-frequency IMFs from the daily weather records and the 
low-frequency modes with 2-year or longer mean periods from the 
climate indices. Then, the analytical results are summarized with 
respect to monthly, seasonal, annual and interannual variations in 
the local climate of the cities for the relationship with the dominant 
impacting regional climate phenomena. The data analysis flowchart 
is presented in Figure 2.

Results

Monthly and seasonal variabilities

Precipitation

With respect to precipitation, there is an unclear relationship 
between precipitation and monsoons in all the major cities, with 
very low monthly correlation coefficients, as shown in the left col-
umn of Figure 3. Moreover, the influence of the Indo-Pacific SST 
is stronger than that of monsoons on precipitation, which was ob-
served in a previous study [26].

Precipitation and the IOD mode have relatively strong negative 
and positive correlations, respectively, in most of the major cities in 
comparison with the monsoons. There were mostly negative cor-
relations between precipitation and ENSO during JJA and SON in 
most of the major cities.

Figure 3: Heatmap of correlation coefficients between weather elements, such as precipitation (left column), average air temperature at 2 m 
(middle column), and relative humidity (right column), and regional climate indices for the Indian summer monsoon (ISMIDX), western North 
Pacific monsoon (WNPMI), Australian summer monsoon (AUSMI), Indian Ocean dipole (IODM), and multivariate ENSO (MEI) from monthly 
analysis. For the twenty-two cities (A to V), refer to Figure 1 and Table A1 for their locations and detailed information.
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Average air temperature at 2 m

The middle column of Figure 3 illustrates the varied response 
of the average air temperature at 2 m in the major cities in Indo-
nesia to the Indian Summer Monsoon, particularly during the dry 
season. During the transition period from dry to wet (October to 
November), it reveals a clear positive correlation in the strong 
(weak) phase, then followed by the high (low) average air tempera-
ture at 2 m. Most of the major cities exhibited positive correlations 
in February.

The average air temperature at 2 m in most of the major cit-
ies in Sumatera and on the Kalimantan Islands demonstrated clear 
positive correlations with the western North Pacific monsoon 
during the dry season. In contrast, clear negative correlations were 
found for all the major cities in East Nusa Tenggara and East Java Is-
lands, with different transition onset times obtained depending on 
the topography and geographical position. Moreover, the relation-
ship between the average air temperature at 2 m and the Australian 
summer monsoon yield unclear correlations for all 22 major cities, 
with a monthly correlation coefficient lower than 0.22.

The IOD mode shows negative and positive correlations with 
the average air temperature at 2 m during JJA and SON, respectively, 
in most of the major cities with various onset times. Moreover, the 
ENSO influence during the peak of the dry season starts in June or 
July in most of the major Indonesian cities.

Relative humidity

Most of the major cities in Indonesia, such as in a part of Java, 
Sulawesi, West Nusa Tenggara, and the East Nusa Tenggara Islands, 
and several parts of the highland cities, depict clear positive cor-
relations between relative humidity and the Indian summer mon-
soon during the dry season (Figure 3, right column).

The relative humidity in most of the major cities exhibited neg-
ative correlations with the western North Pacific monsoon during 
the dry season. Moreover, the response of relative humidity to the 
Australian summer monsoon is clearly visible in major cities, which 
are under the Australian summer monsoon domain, especially for 
the major cities in zones 3B, 4A, and 4B. There is a dominant posi-
tive correlation throughout the year. On the other hand, there is an 
unclear pattern for the other remaining cities. However, a positive 
correlation peak occurs in July during the dry season for all the ma-
jor cities.

The IOD mode, defined as the sea surface temperature gradient 
between the western Indian Ocean (Arabian Sea) and the eastern 
Indian Ocean from west to south in Indonesia, affects the changes 

in moisture and air in major Indonesian cities. According to the cor-
relation coefficient, the responses of relative humidity to the IOD 
mode depending on whether the phase of the IOD mode is positive 
or negative. Several major cities showed a clear negative correla-
tion, which was an opposite response to the Australian summer 
monsoon (positive correlation), especially from July to September 
in zones 3B, 4A, and 4B.

The relative humidity and ENSO forcings have relatively sim-
ilar patterns to those of the IOD mode. However, the patterns are 
clearer and more significant in almost all the major cities than in 
the IOD mode.

Lag-correlation analysis

Precipitation

 Precipitation had the lowest correlation with the regional 
climate indices of the three weather elements as described. Most of 
the cities had very low to low correlation values, ranging from 0 to 
0.4 (Figure 4).

In general, the responses of precipitation to monsoons and SSTs 
in major cities vary. The highest correlation with Indian Summer 
Monsoon was obtained in Kupang (R) (0.32) within lead 185 days, 
with Western North Pacific Monsoon (0.28) within lead 151 days, 
Australian Monsoon (0.34) within lag 3 days, Indian Ocean Dipole 
Mode (-0.27) within lead-lag 0 month found in Tangerang Selatan 
(M), and with ENSO (-0.4) within lag 1 month found in Balikpapan 
(D).

Average air temperature at 2 m

 The average air temperature at 2 m was more strongly 
correlated with the regional climate indices than was the precip-
itation in most of the cities. Some cities exhibited moderate cor-
relations, ranging from 0.4 to 0.7, with various lead-lag timeframes 
(Figure 5).

In general, the response of the average air temperature at 2 m 
to monsoons and SSTs in major cities varied. The highest correla-
tions with the Indian summer monsoon were obtained in Semarang 
(P) and Sumba Timur (S) (0.57) within lag 6 and 234 days, with the 
Western North Pacific Monsoon (-0.53) within lag 45 days found in 
Sumba Timur (S), with the Australian Monsoon (-0.53) within lag 
192 days found in Semarang (P), for the IOD Mode (0.37) within 
lag 4 months obtained in Balikpapan (D), and for the ENSO (-0.39) 
within lead 3 months in Depati Parbo (J).
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Figure 4: Lag correlation coefficient between precipitation and regional climate indices (left: Monsoon and right: SST) for the major cities. 
Numeric values in left indicate the lag days while those in right mean the lag months. For the twenty-two cities (A to V), refer to Figure 1 and 
Table A1 for their locations and detailed information, respectively.
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Relative Humidity

The RH presented the highest correlations, with the regional 
climate indices being compared with the precipitation and average 
air temperature at 2 m. Some cities exhibit moderate correlation 
values, ranging from 0.4 to 0.7, and various lead-lag timeframes 
(Figure 6).

In general, the responses of relative humidity to monsoons 

and SSTs in major cities varied. The highest correlation with the 
Indian Summer Monsoon was obtained in Kupang (R) (0.65) with-
in lag 175 days, with the Western North Pacific Monsoon (-0.61) 
within lag 1 day in Sumbawa Besar (T), with the Australian Mon-
soon (0.56) within lead 8 days in Kupang (R), with the Indian Ocean 
Dipole Mode (-0.39) within lead-lag 0 months in Wamena (L), and 
with the ENSO (-0.44) within lag 4 months found in Depati Parbo 
(J).

Figure 5. Lag correlation coefficients between the average air temperature at 2 m and regional climate indices (left: Monsoons; right: SSTs). 
Numeric values in left indicate the lag days while those in right mean the lag months. For the twenty-two cities (A to V), refer to Figure 1 and 
Table A1 for their locations and detailed information, respectively.
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Annual and interannual variabilities

Precipitation

In Figure 7, the influence of regional climate phenomena on 
precipitation in annual and interannual variability is concentrated 
in the southern region of Indonesia, viz., Bogor, Semarang, Suraba-
ya, Sumenep, Lombok Barat, Sumbawa Besar, Sumba Timur, and 
Kupang, mainly affected by Australian monsoon. Then, some parts 
of Kalimantan (Balikpapan) and Sulawesi Island (Pongtiku and 
Minahasa Utara) were established. The highest correlation coef-
ficients are in Surabaya and Minahasa Utara. The precipitation in 
Surabaya is most affected by the Australian monsoon r=0.3 within 

approximately 1.1 years of the mean period, while that in Minahasa 
Utara is affected by the ENSO r=0.31 approximately 2.7 years of the 
mean period.

Average air temperature at 2 m

In Figure 8, the influence of climate indices on the average air 
temperature at 2 m is depicted for most of the Indonesia area, as 
indicated by the variable correlation values. The highest correlation 
values were shown for the Lombok Barat (Australian Monsoon and 
Western North Pacific Monsoon), Sumba Timur (Australian Mon-
soon), and Balikpapan (ENSO) Rivers.

Figure 6: Lag correlation coefficients between relative humidity and regional climate indices (left: Monsoon; right: SST). Numeric values in 
left indicate the lag days while those in right mean the lag months. For the twenty-two cities (A to V), refer to Figure 1 and Table A1 for their 
locations and detailed information, respectively.
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Figure 7: Spatial distribution of the correlation coefficients between the precipitation and regional climate indices in annual and interannual 
time scale. The red and blue colour indicate the positive and negative r values while the size of fan symbols indicates the magnitude of r values. 
The direction of fan symbols depicts the different climate indices

Figure 8: Spatial distribution of the correlation coefficients between the average air temperature at 2 m and the regional climate indices in 
annual and interannual time scale. The red and blue colour indicate the positive and negative r values while the size of fan symbols indicates 
the magnitude of r values. The direction of fan symbols depicts the different climate indices.
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Relative humidity

In Figure 9, the influence of climate indices on relative humidi-
ty is spread out in most of the Indonesia area, where the correlation 

coefficient is the similar with that of the average temperature at 2 
m, except on Papua Island. The highest correlation values can be 
observed at Semarang, Sumbawa Besar and Kupang cities, affected 
by the Australian summer monsoon.

Relationships with the New Climate Classifications

Seasonal Variability

The lag-correlation analysis revealed the seasonal variations 
in major city climates (represented by precipitation, average air 
temperature at 2 m, and relative humidity) associated with mon-
soons and remote SSTs. The lead-lag time in the analysis provides 
predictions of the season onset and the possibility of occurrence of 
climate anomalies caused by macroclimate phenomena on a sea-
sonal scale. Figures 4-6 clearly show that the seasonal variability 
pattern cycle from the Asian-Australian monsoon influence on ma-
jor cities’ climates is more obvious in describing the periodicities of 
occurrences regularly than that from the remote Indo-Pacific SST. 
The seasonal cycles varied from a lead lag of 0 to approximately 
180 days. This clearly corresponds to the Asian-Australian Mon-
soon cycle [18, 56, 57], which occurs every 6 months on average, 
and the air mass moves from the high-pressure region (cold) to the 
low-pressure region (hot) in accordance with the Buys Ballot Law. 
The correlation coefficient for precipitation is 0<r≤0.4, indicating a 
very low to low correlation whereas the coefficient for average air 
temperature at 2 m is 0.1<r≤0.6 and the coefficient for relative hu-
midity is 0.1<r≤0.7, indicating a very low to moderate correlation.

Annual and Interannual Variabilities

The result of ICEEMDAN decomposition analysis delineates 
22 major cities into distinct regions to represent the cities that are 
most affected by the Asian-Australian Monsoon (Monsoon region) 
and Indo-Pacific Sea Surface Temperature (SST region), as shown in 
Figures 7-9; these regions have a characteristic annual to interan-
nual cycle of precipitation, an average air temperature of 2 m and 
relative humidity. The influences of monsoons and remote SSTs on 
precipitation are summarized in Figure 7. Bogor (zone 3A), Balik-
papan (zone 1A), and Minahasa Utara (zone 3A) are grouped into 
the SST-influenced region. Moreover, Semarang (zone 3B), Suraba-
ya (zone 4B), Sumenep (zone 4B), Sumbawa Besar (zone 4A), Sum-
ba Timur (zone 4A), and Kupang (zone 4A) are grouped into the 
monsoon-influenced region. Then, the remaining cities, Lombok 
Barat (zone 3B) and Pongtiku (zone 2A), are grouped into the mon-
soon-SST-influenced region (combination).

The influence of the monsoon and remote SST on the average 
air temperature at 2 m is summarized in Figure 8. Depati Parbo 
(zone 2A), Jambi (zone 1A), Tangerang Selatan (zone 3A), Bogor 
(zone 3A), Citeko (zone 2A), and Balikpapan (zone 1A) are consid-
ered to be in the SST-influenced region. Aceh (zone 1B), Lombok 
Barat (zone 3B), Sumba Timur (zone 4A), Kupang (zone 4A), and 

Figure 9: Spatial distribution of the correlation coefficients between the daily average relative humidity and regional climate indices in annual 
and interannual variability. The red and blue colour indicate the positive and negative r values while the size of fan symbols indicates the 
magnitude of r values. The direction of fan symbols depicts the different climate indices.
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Wamena (zone 2B) are considered to be monsoon-influenced re-
gions. Moreover, for the remaining cities, Medan (zone 1B), Palem-
bang (zone 1A), Semarang (zone 3B), Pontianak (zone 1A), Pongti-
ku (zone 2A), and Minahasa Utara (zone 3A) are considered to be in 
the Monsoon-SST-influenced region (combination).

Finally, the influence of macroclimate on relative humidity is 
summarized in Figure 9. Medan (zone 1B), Depati Parbo (zone 2A), 
Bengkulu (zone 1B) and Balikpapan (zone 1A) are classified as be-
ing in the SST-influenced region. Aceh (zone 1B), Surabaya (zone 
4B), Sumenep (zone 4B), Lombok Barat (zone 3B), Sumbawa Besar 
(zone 4A), Sumba Timur (zone 4A), and Kupang (zone 4A) are clas-
sified as being in the monsoon-influenced region. The remaining 
cities, including Jambi (zone 1A), Palembang (zone 1A), Pongtiku 
(zone 2A), Minahasa Utara (zone 3A), Semarang (zone 3B), Tan-
gerang Selatan (zone 3A), Bogor (zone 3A), and Citeko (zone 2A), 

are classified as being in the SST-monsoon-influenced region. The 
classification of the monsoon, SST, and combination-influenced re-
gions is summarized in Table 2.

The results of this study are consistent with those of previous 
studies, in which extreme indices in Indonesia were investigated 
based on the rainfall regime [18, 24, 58]; the annual rainfall pat-
terns in Indonesia were divided into three types: monsoonal region, 
equatorial region, and anti-monsoonal region [29]. In particular, 
the major cities that are part of monsoonal region are the clearest 
regions in which a significant correlation occurs between the three 
climate factors (precipitation, average air temperature at 2 m, and 
relative humidity) and the monsoons and remote SSTs, whereas the 
major cities in equatorial region and anti-monsoonal region [29] 
have various correlation coefficients and periodicity means (Fig-
ures 7-9).

Table 2: Summary of the 22 major cities grouped into Monsoon and SST regions in annual and interannual variability. SST, Mon, and Mix below indi-

cate SST-influenced region, monsoon-influenced region, and monsoon-SST-influenced region (combination), respectively.

No. Climate Zone City Region Elevation 
(m) ASL Precipitation Air temperature Relative 

humidity

A

B

C

D

1A

1A

1A

1A

Jambi

Palembang 

Pontianak 

Balikpapan

Sumatera

Sumatera

Kalimantan                

Kalimantan

24

11

3

3

-

-

-

SST

SST

Mix

Mix

SST

Mix     

  Mix

-

SST

E

F

G

H

1B

1B

1B

1B

Aceh

Bengkulu

Medan

Jayapura

Sumatera

Sumatera

Sumatera

Papua

20

12

27

96

-

-

-

-

Mon

-

Mix

-

Mon

SST

SST

-

I

J

K

2A

2A

2A

Citeko

Depati Parbo 

Pongtiku

Java

Sumatera

Sulawesi

920

782

829

-

-

Mix

SST

SST

Mix

Mix       

SST      

Mix

L 2B Wamena Papua 1660 - Mon -

M

N

O

3A

3A

3A

Tangerang Selatan       

 Bogor

Minahasa Utara

Java

Java

Sulawesi

27

207

84

-

SST

SST

SST

SST

Mix

Mix

Mix

Mix

P

Q

3B

3B

Semarang                

 Lombok Barat

Java

West Nusa Tenggara

6                
55

Mon

Mix

Mix

Mon

Mix        

Mon

R

S

T

4A

4A

4A

Kupang

Sumba Timur      

 Sumbawa Besar

East Nusa Tenggara             
East Nusa Tenggara

West Nusa Tenggara

19

10

10

Mon

Mon

Mon

Mon

Mon

-

Mon

Mon

Mon

U

V

4B

4B

Surabaya

Sumenep

Java

Java

3

0

Mon

Mon

-

-

Mon

Mon
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Conclusion

Urban climate characteristics, as a response to regional climate 
variability in 22 major cities in Indonesia, are investigated from 
seasonal to interannual timescales in relation to the new urban cli-
mate classification by Putra, et al. [38] to understand how the urban 
climate of each city is influenced by regional climate variability.

For precipitation, in the major cities in zones 1A and 1B, a con-
sistent relationship was found between seasonal and interannual 
variabilities and regional climate phenomena. Nearly all the major 
cities in zones 1A and 1B remain unaffected by monsoons. Howev-
er, during the annual cycle, Balikpapan is considered to be the only 
major city affected dominantly by ENSO (0.24) and the IOD mode 
(-0.2), even though the city is categorized as having a low correla-
tion.

In zones 2A and 2B, the seasonal cycle is influenced more by 
ENSO and the IOD mode. However, Citeko is also influenced by 
monsoons in this zone. For the annual cycle, Pongtiku is influenced 
mainly by the western North Pacific monsoon, the IOD mode and 
ENSO in this zone.

In zones 3A and 3B, the seasonal cycle pattern is influenced by 
monsoons. However, the annual cycle in zone 3 is dominantly influ-
enced by the SST in Bogor and North Minahasa, while Semarang is 
affected by the Australian Summer Monsoon, and Lombok Barat is 
influenced by the Western North Pacific Monsoon, Australian Sum-
mer Monsoon, the IOD mode and ENSO.

In zones 4A and 4B, all the major cities are clearly influenced by 
the monsoon only during their seasonal and annual cycles, domi-
nantly by the Australian summer monsoon.

Regarding the average air temperature at 2 m and relative hu-
midity, most of the major cities in zones 1A and 1B are influenced 
equally by monsoons and SST, with a consistently small magnitude 
for seasonal and annual cycles. Most of the major cities in zones 2A 
and 2B are influenced by monsoons and SST during the seasonal 
cycle. The annual cycle is dominated by the SST for both the aver-
age air temperature at 2 m and the relative humidity. In zones 3A 
and 3B, the influence of the monsoon is clearly more dominant than 
the influence of the SST during the seasonal cycle. In zones 4A and 
4B, all the major cities in this zone are affected by monsoons only 

during their seasonal cycles, and the Australian summer monsoon 
dominantly affects the annual cycle.

The local climate characteristics and influencing regional cli-
mate factors monsoon and SST variations in the cities help us un-
derstand the characteristics of urban microclimate of each city, 
assess the passive cooling potential and design the appropriate 
passive cooling techniques in each city in Indonesia. 

This study focused mainly on the influence of the Asian-Austra-
lian Monsoon and Indo-Pacific SST. Other phenomena, such as the 
Madden–Julian Oscillation (MJO), intertropical convergence zone 
(ITCZ), and convectively coupled equatorial waves (CCEWs), may 
significantly impact the urban climate in major Indonesian cities 
in various time scale and should be further studied. Future studies 
should also quantify the effects of urbanization and urban growth 
on urban microclimates and thermal environments in major Indo-
nesian cities via numerical experiments.
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Appendix A

Table A1.
Table A1: Summary of daily weather element observations at twenty-two major cities in Indonesia.

No. Long. Lat. Station 
ID

Climate 
Zone City Region Population 

(in 2022)
Elevation 
(m) ASL Period Duration

A 
B 
C 
D

103.65 
104.772 

109.4 
116.9

-1.6333
-2.92732

-0.15
-1.267 

96195 
96223 
96581 
96633

1A 
1A 
1A 
1A

Jambi 
Palembang 
Pontianak 

Balikpapan

Sumatera 
Sumatera 

Kalimantan 
Kalimantan

612,162 
1,707,996 
676,096 
733,396

24 
11 
3 
3

1985-2013 
1981-2013 
1981-2012 
1981-2013

28 
32 
31 
32

E 
F 
G 
H

95.4167 
102.3119 
98.6833 

140.4833

5.5167 
-3.8652 
3.5667 
-2.5667

96011 
96255 
96035 
97690

1B 
1B 
1B 
1B

Aceh 
Bengkulu 

Medan 
Jayapura

Sumatera 
Sumatera 
Sumatera 

Papua

268,148 
384,800 

2,494,512 
417,611

20 
12 
27 
96

1982-2013 
1985-2013 
1981-2013 
1981-2012

31 
28 
32 
31

I 
J 
K

106.85 
101.45 

119.8189

-6.7
-2.083

-3.04524 

96751 
96207 
97124

2A 
2A 
2A

Citeko 
Depati Parbo 

Pongtiku

Java 
Sumatera 
Sulawesi

127,096 
264,139 
291,047

920 
782 
829

1985-2013 
1991-2013 
1998-2012

28 
22 
14

L 138.95 -4.07 97686 2B Wamena Papua 65,204 1660 2002-2013 11

M 
N 
O

106.7508 
106.75 

124.9233

-6.26151
-6.5

-1.54585 

96733 
96753 
97012

3A 
3A 
3A

Tangerang Selatan 
Bogor 

Minahasa Utara

Java 
Java 

Sulawesi

1,747,906 
1,122,772 
224,993

27 
207 
84

1981-2013 
1984-2013 
1983-2012

32 
29 
29

P 
Q

110.3812 
116.1709

-6.9847
-8.63627 

96835 
97242

3B 
3B

Semarang 
Lombok Barat

Java 
West Nusa Tenggara

838,670 
753,641

6 
55

1981-2013 
1998-2013

32 
15

R 
S 
T

123.6672 
120.2997 
117.4134

-10.1386
-8.63627
-8.48845

97374 
97340 
97260

4A 
4A 
4A

Kupang 
Sumba Timur 

Sumbawa Besar

East Nusa Tenggara 
East Nusa Tenggara 
West Nusa Tenggara

442,758 
261,503 
457,671

19 
10 
10

1986-2011 
1981-2012 
1981-2013

25 
31 
32

U 
V

112.7353 
113.914

-7.2053
-7.03976

96937 
96973

4B 
4B

Surabaya 
Sumenep

Java 
Java

2,887,223 
1,124,436

3 
0

1982-2013 
1981-2013

31 
32
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