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Abstract Wind-related disasters are one of the most fre-

quent disasters in Indonesia. It can cause severe damages of

residential construction, especially in the world’s most

populated island of Java. Understanding the characteristics

of extreme winds is crucial for mitigating the disasters and

for defining structural design standards. This study inves-

tigated the spatiotemporal variations of extreme winds and

pioneered a design wind map in Indonesia by focusing on

western Java. Based on gust data observed in recent years

from 24 stations, the extreme winds exhibit a clear annual

cycle where northwestern and southeastern sides of western

Java show out-of-phase relationship due to reversal mon-

soons. Meanwhile, extreme wind occurrences are mostly

affected by small-scale weather systems, regardless of

seasons and locations. To build the wind map, we used

bias-corrected gust from ERA5 and applied the Gumbel

method to predict extreme winds with different return

periods. The wind map highlights some drawbacks of the

current national design standards, which use single wind

speed values regardless of location and return period.

Beside a fundamental improvement for wind design, this

study will benefit disaster risk mapping and other appli-

cations that require extreme wind speed distribution.
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1 Introduction

The Indonesian National Disaster Management Authority1

reported that strong wind events have been a major con-

tributor to disasters in Indonesia (BNPB 2021). In the past

decade, strong wind has consistently been the second or

third source of hazard, prompting the needs to understand

the nature of wind in the region. Not only structures, power

and communication networks are particularly vulnerable,

with many slender structures being wind sensitive, whose

failure can have a significant socioeconomic impact. Fur-

thermore, there is an increasing number of tall buildings

and long span bridges in the region for which wind loading

is particularly important.

The current Indonesian design standards do not have a

consistent value for wind loading, and they typically assign

a singular value to the whole region. In the earlier design

standard for buildings, the Ministry of Public Works

(PPPURG)2 (PU 1987) introduced a general design wind

speed of 20 m s-1 for the whole region and a special speed

of 25 m s-1 for coastal area. This design standard is applied

uniformly in the whole country and does not have a specific

return period. Even more recent design standard for

buildings (SNI 1727-2020)3 (BSN 2020) does not specify

any design wind speed. In the design standard for bridges

(SNI 1725-2016) (BSN 2016), the design wind speed is set

between 25 to 35 m s-1 for low to high wind speed regions,

although these regions are not specified within the map.

The Australian standard of HB212-2002 Design Wind

Speeds for the Asia-Pacific Region (Holmes and Weller

2002) assigns the whole Indonesia to a design wind speed

of Level 1. According to this standard, the 50-year and the

500-year return periods wind speeds are 32 and 40 m s-1,

respectively. However, the design wind speeds have sev-

eral problems: (1) they are used in the equatorial region as

a single value; (2) only a few stations (11 stations) was

involved in the study for the whole equatorial region; (3)

the exact location of the stations is unclear, preventing an

assessment of regional representativeness; and (4) the study

result may be outdated as it was done 20 years ago.

Due to a lack of a regionally-dependent design wind

map, in practice local engineers gather wind data from the

Indonesian Meteorological, Climatological, and Geophys-

ical Agency (BMKG)4 on their own (BSN 2020). The

engineers typically collect wind data from a conventional

meteorological station closest to their desired location.

Unfortunately conventional meteorological stations in

Indonesia are relatively scarce. The engineers often ques-

tion the representativeness of the observed wind data uti-

lized for their designs. Moreover, the official data only

provide hourly mean wind speed, whose value is funda-

mentally much lower than gust speed. The available

observation period is also limited, ranging from several

years to more than a decade, while the design wind speed

needed by civil engineers typically has a much longer

return period (Pintar et al. 2015). These limitations con-

tribute to inaccurate design wind speed values.

Another concern comes from the minimum research

available in understanding extreme wind in the region.

Many studies were done in regions where tropical cyclones

(TC) pass regularly, such as in Vietnam, Philippines, Japan,

and China (Garciano et al. 2005; Pacheco et al. 2005;

Ishihara and Yamaguchi 2015; Zheng et al. 2020; Nguyen

et al. 2021), but only few studies have been performed in

non-TC regions of Southeast Asia. Choi and Tanurdjaja

(2002) showed that in the case of Singapore, which has a

mixed weather system, the extreme wind speed is gener-

ated by both large-scale and small-scale meteorological

drivers. However, the mechanisms of extreme wind in

Indonesia might differ and vary accross the region.

Understanding these characteristics becomes indispensable

to have a proper design wind speed analysis in Indonesia.

This study aimed to investigate the variability of

extreme wind and develop a new regionally-dependent

wind map for structural design by focusing on the western

side of Java Island. This region is very vulnerable to wind

disaster because it has the highest population density. This

article is organized as follows. Section 2 presents data and

methods used in this study. Section 3 shows the results.

Section 4 discusses the benefit and limitation of the current

study. Section 5 summarizes the important findings and

future implications.

2 Data and Methodology

This section is divided into Data and Method. The former

shows basic datasets including meteorological station and

reanalysis data. The latter consists of four general steps that

allow us to examine variabilities of extreme wind speed

and to build a wind map.
1 BNPB (Badan Nasional Penanggulangan Bencana) is the Indone-

sian name of the National Disaster Management Authority.
2 PPPURG (Pedoman Perencanaan Pembebanan untuk Rumah dan

Gedung) is the old loading standard for general buildings. It was

published by the Ministry of Public Works or PU (Pekerjaan Umum).
3 SNI (Standar Nasional Indonesia) is the Indonesian National

Standardization, which is published under BSN (Badan Standarisasi

Nasional).

4 BMKG (Badan Meteorologi Klimatologi dan Geofisika) is respon-

sible for operational weather observations in Indonesia.
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2.1 Data

The meteorological datasets are obtained from local auto-

matic weather stations (AWS) and a climate reanalysis.

This section briefly describes the availibility, quality, res-

olution, and other specifications of these data.

2.1.1 Station Data

The wind data are collected from 64 AWS operated by

BMKG over five years (2016–2020) covering three pro-

vinces in western Java: Banten, DKI Jakarta, and West

Java. The recorded AWS data offer 10-min mean wind

speed and maximum wind speed (that is, gust speed) at 10

m height. To add more wind observations, we incorporate

data from eight additional AWS deployed by Institut

Teknologi Bandung and Durham University. A total of 72

stations are used (Fig. 1).

2.1.2 Reanalysis Data

The collected observation data cover only five years. To

analyze extreme values in a longer period, we use wind

data from an atmospheric reanalysis. Reanalyses provide a

3D global atmospheric dataset constructed from assimi-

lating numerous observations into the state-of-the-art glo-

bal climate models. Vajda et al. (2011) evaluated gust data

from ERA-interim reanalysis (Dee et al. 2011) and found a

good agreement between daily observed maximum gust

and reanalysis gust. Zheng et al. (2020) used the ERA-

interim gust to calculate extreme wind speed with return

periods of 50-year and 100-year in the China seas.

Recently, the European Centre for Medium-Range

Weather Forecasts (ECMWF) released their latest reanal-

ysis called ERA5 (Hersbach et al. 2020). ERA5 is available

every 1 hour at 0.25� horizontal resolution. The resolutions

are generally better compared with other reanalyses. Min-

ola et al. (2020) found that wind gust from ERA5 is gen-

erally accurate and better than its predecessor (ERA-

interim) although there are some discrepancies with

observation over complex topography. In this study, we use

the hourly gust of ERA5 from 1979 to 2020 (42 years).

ERA5 gust is parameterized from surface stress, surface

friction, wind shear, and atmospheric stability. We also use

monthly average of wind speed data at 925 hPa to show

prevailing wind in each season.

2.2 Method

First, a series of quality control (QC) procedures is applied

to filter out any suspected records in station data. Data that

pass the QC are then used to analyze spatiotemporal vari-

abilities of extreme wind speed and gust observations.

After that we calibrate ERA5 gust and develop a design

wind map.

2.2.1 Quality Control of Station Data

The quality of observed wind data is evaluated by two

major steps of QC. The first step consists of two checks: (1)

checking the availability of wind data and (2) checking the

quality of wind distribution. Our study focuses on daily

maximum wind calculated from 10-min maximum wind

speed (also referred to as daily gust and maximum gust in

text). We also calculate daily mean wind speed for a

105 E 106 E 107 E 108 E 109 E
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6 S

Fig. 1 Map of western Java

superimposed with wind

measurement stations (circles)

and topography with a contour

interval of 250 m (thin black

contour). Blue circles denote the

stations that passed all quality

control (QC) steps. Red and

orange circles denote the

stations that did not pass the first

and the second steps of QC,

respectively. Thick black lines

denote coastlines and

administrative boundaries
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dynamic evaluation in the second QC step. The daily

statistics are calculated only for days having at least 70% of

data in a day or 70% of data in the afternoon (12–21 local

time). The afternoon time window is set because most of

daily maxima appear during this period due to diurnal cycle

influence. Darman (2019) reported that most of the wind-

induced disasters in Indonesia occurred in the afternoon.

We exclude stations having less than 365 days of daily

wind data. To check the quality of wind distribution, an

empirical cumulative distribution function (CDF) graph is

inspected and a station is flagged if: (1) the median of data

is either too low or too high compared with other stations

or (2) there are many data concentrated in the end tails of

CDF (for example, a sharp increase of CDF in the lowest

5th percentile or highest 95th percentile that appears likely

due to repetitions). The flagged stations are suspected to

suffer from incomplete calibration or instrument errors and

thus excluded from the analysis. From a total of 72 stations,

45 stations pass the first step of QC and are transferred to

the second step of QC.

The second step of QC is done to assess dynamic criteria

of wind maximum. This step follows a QC procedure of

wind gust documented by Chávez-Arroyo and Probst

(2015). The QC consists of three main checks: plausible

value check, internal consistency check, and temporal

consistency check. The plausible value check ensures that

the observed wind data are within the instrument limit and

dynamic limit. The instrument limit depends on each

manufacturer, while the dynamic limit states that the daily

gust must be well fitted by a Generalized Extreme Value

(GEV) distribution. The internal consistency check deals

with the relation between wind speed and gust such that the

daily maximum must be higher than the daily average wind

speed. The temporal consistency check aims to find data of

abnormally high variations indicated by the relationship

between daily mean wind and daily gust. This check is

important to objectively separate extreme values and sus-

pected outliers. Details of the method are shown in Chá-

vez-Arroyo and Probst (2015). The final check returns 24

stations that satisfy the whole QC procedure (Table 1).

Table 1 List of stations that passed the QCs and statistics of the observed daily average wind speed and daily maximum gust speed

No. Station ID Station Name Latitude (�S) Longitude (�E) Daily wind (m s-1) Daily gust (m s-1)

Mean 99th Mean 99th

1 160005 AWS Puspitek 6.36 106.673 1.26 2.43 6.47 11.53

2 14042862 AAWS Pondok Salam 6.619 107.498 1.24 2.13 7.29 12.31

3 14063042 AAWS Indramayu 2 6.342 108.341 1.91 3.51 7.26 12.67

4 06-02010 ITB-DU Cikembang 7.209 107.673 1.67 3.47 6.06 10.8

5 06-02020 ITB-DU Cibinong 6.491 106.85 1.1 2.05 5.32 9.23

6 06-02026 ITB-DU Majalaya 7.051 107.757 1.1 1.63 6.16 10.02

7 06-02047 DU LLHD Jakarta 6.226 106.835 0.98 1.39 5.82 9.71

8 STA2035 AWS Leuwiliang 6.565 106.63 1.62 3.39 6.02 11.44

9 STA2041 AWS TMII 6.304 106.899 2.84 4.02 8.03 11.5

10 STA2042 AWS Mekarsari 6.419 106.983 1.19 2.29 6.03 10.34

11 STA2044 AWS Gunung Geulis 6.624 106.862 1.82 4.34 6.31 11.15

12 STA2062 AWS Staklim Tangsel 6.25 106.76 1.56 3.06 6.88 10.4

13 STA2080 AWS Maritim Merak 5.919 105.985 2.17 5.45 5.88 11.16

14 STA2083 AWS Sukamandi 6.37 107.625 1.9 3.47 6.77 11.2

15 STA2085 AWS Kadugede 7 108.457 2.45 4.45 9.74 14.2

16 STA2087 AWS Cimalaka 6.815 107.948 1.57 2.6 5.97 9.12

17 STA2088 AWS Cikancung 6.999 107.817 1.91 3.49 8.3 12.6

18 STA2115 AWS Stageof Bandung 6.834 107.597 1.34 2.37 5.65 8.58

19 STA2120 AWS Labuhan 6.38 105.835 1.61 3.22 6.96 13.42

20 STA2155 AWS Stamet Jatiwangi 6.734 108.263 1.44 3.17 6.29 11.34

21 STA2172 AWS Maritim Tj. Priok 6.1 106.877 2.87 7.16 6.42 12.92

22 STA3005 AAWS Ujung Genteng 7.325 106.413 2.49 4.45 9.86 14.74

23 STA5082 AWS Digi Stamet Cengkareng 6.125 106.658 2.11 3.7 8.29 13.5

24 STA5102 AWS Digi Stamet Kertajati 6.627 108.152 3.44 7.29 9.95 15.54
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2.2.2 Observational Analysis from the Station Data

We calculate the statistics of wind data at each station. The

averages and 99th percentiles are computed to describe the

average condition and extreme values of wind observation,

respectively. Note that the definition of extreme value in

this section is different from the extreme value defined in

the context of design wind speed, which uses annual

maxima (see Sect. 2.2.4).

As Java Island exhibits a clear annual cycle of wind and

precipitation due to monsoon reversal (Aldrian and Susanto

2003; Chang et al. 2005), we classify the wind data into

four seasons: December–January–February (hereafter

DJF), March–April–May (MAM), June–July–August

(JJA), and September–October–November (SON). Spatial

variations among stations are analyzed by using scatterplot

maps. Based on distribution of seasonality, we define two

clusters that group the stations according to the phase of

annual cycle: Cluster Northwest (NW) monsoon and

Cluster Southeast (SE) monsoon. The former indicates the

stations that show peaks of seasonal gust in DJF. The latter

is for the stations that exhibit peaks in JJA or SON. Wind

gust distributions in each category are then investigated

through boxplot diagrams. The concept of extreme wind

speed in different seasons was first emphasized by Zheng

et al. (2020).

To examine the driving factors of strong wind events,

we separate the daily maximum wind (or daily gust) into

large-scale and small-scale weather events. The classifi-

cations are achieved by quantifying the individual influ-

ences of these events each day at each station. Choi and

Tanurdjaja (2002) provided a general guidance to identify

these events. Large-scale events are characterized by

steady wind extending for several hours to days. The wind

also exhibits a diurnal pattern during such events. In con-

trast, the small-scale wind events are recognized by a

sudden sharp change in wind speed for only that particular

time of occurrence.

Based on the above information, we perform a simple

decomposition. Let us define a wind speed record at a

particular time as

u � uL þ uS ð1Þ

where uL and uS are wind speed components driven by

large-scale and small-scale events, respectively. uL is cal-

culated by filtering the wind data series (u) with a 12-hour

moving average. uS is then simply obtained by subtracting

u with uL. We determine a small-scale (large-scale) wind

event when uS value is higher (lower) than uL, respectively.

2.2.3 Wind Data Calibration

Prior to conducting extreme wind analyses, we have

assessed the systematic errors of ERA5 daily maximum

gust during the period of station data (2016–2020). Daily

biases of ERA5 at each station are calculated to represent

the error. The results show distinct characteristics on the

error distributions of ERA5 among stations, suggesting that

we could not perform a simple bias correction or calibra-

tion technique.

We use a quantile mapping method (QM) (Themeßl

et al. 2011) for correcting the bias of ERA5 because it can

fit the distributions of simulation and observation data. The

Weibull distribution is used as the basis of QM because it is

superior in correcting climatic wind data (Li et al. 2019).

The Weibull distribution-based QM assumes that the

probability distributions of both observed and simulated

wind speeds u can be approximated using a Weibull dis-

tribution (Haas et al. 2014):

p uð Þ ¼ k

c

u

c

� �k�1

e�
u
cð Þ

k

; ð2Þ

where k and c are shape and scale parameters, respectively.

A CDF of Weibull is F uð Þ ¼ 1 � e�
u
cð Þ

k

. After knowing the

CDFs, we can perform correction to the simulated wind

through a typical QM procedure:

u�
cont ¼ F�1

obs Fcont ucontð Þ½ �; ð3Þ

u�
pred ¼ F�1

obs Fcont upred

� �� �
: ð4Þ

Superscript * denotes calibrated data. Subscripts cont

and pred denote control period (2016–2020) and prediction

period (1979–2015), respectively. Alternative forms of the

above equations (Li et al. 2019) are:

u�
cont ¼ cobs �ln 1 � 1 � e�

ucont
ccont
ð Þkcont

� �� �h ik�1
obs

; ð5Þ

u�
pred ¼ cobs �ln 1 � 1 � e�

upred
ccont
ð Þkcont

� 	� 	
 �k�1
obs

: ð6Þ

We are interested in performing calibration in the whole

domain of western Java. However, error quantifications are

limited to the station locations, which do not cover the

whole grid boxes in ERA5. To enable calibration in the

whole domain, calibration parameters cobs, ccont, kobs, and

kcont are spatially interpolated. A 5 � 5 km interpolation is

used to accommodate areas with dense stations.

2.2.4 Design Wind Speed Calculation

For design applications, extreme wind speed analysis can

be performed through various techniques, including:

asymptotic distribution method (Fisher and Tippett 1928;
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Jenkinson 1955; Gumbel 1958), parent distribution method

(Gomes and Vickery 1977, 1978), peak over threshold

method (Weiss 1971), method of independent storms

(Cook 1982), and penultimate distribution method (Cook

and Harris 2004). In this study, extreme wind speed is

calculated by applying the asymptotic distribution method

of Gumbel to annual maxima of calibrated ERA5 over 42

years. The Gumbel method is used as in the context of this

study, no previous design wind speed map was available

for the region, so that the most conservative of method is

desired. The general model of Gumbel distribution follows

this common relationship

xT ¼ lþ r� �ln �ln
T � 1

T

� 	� 	� 	
; ð7Þ

where xT is the extreme wind for a given return period of T ,

while l and r are the location and the scale parameters.
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Fig. 2 Features of annual and seasonal patterns of wind speed (left

panels) and gust (right panels) (m s-1). From top to bottom: a and

b annual average; c–j seasonal anomalies on c, d December–January–

February (DJF), e, f March–April–May (MAM), g, h June–July–

August (JJA), and i, j September–October–November (SON). The

anomalies are constructed from differences with the annual average of

the corresponding station. Red arrows on left panels show the mean

prevailing wind (PW) of the domain on each season, calculated from

the 925-hPa wind field of ERA5 reanalysis
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l and r can be calculated by using three different

methods: graphical method, method of moment (MOM)

(Lowery and Nash 1970), and method of L-moment

(LMOM) (Vogel and Fennessey 1993). To find the best

method to estimate l and r, root mean square error

(RMSE) for all three methods are compared (El-Shan-

shoury and Ramadan 2012):

RMSE ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPN
i¼1 F xið Þ � Fið Þ2

N
;

s
ð8Þ

where FðxiÞ is Gumbel CDF with r and l estimated from

the three methods (F xið Þ � e�e
�ðxi�lÞ

r ), Fi is the Gringorten

plotting positions associated with i-th ranked annual max-

ima data (Fi � m�0:44
Nþ0:12

), and N is the number of years. The

Gringorten plotting position is used as benchmark because

it is considered the most unbiased plotting position among

Gumbel distributions (Palutikof et al. 1999). We found that

the LMOM method has the lowest RMSE in the study area

thus we use this method for extreme value calculation.

In calculating the design return period, we follow ASCE

7-16 (ASCE 2017) because most Indonesian design stan-

dards, whether for buildings, bridges, or loadings, follow

this American Society of Civil Engineers (ASCE) standard.

It classifies extreme wind speeds into four categories, I–IV,

with the probability of occurrence of 15%, 7%, 3%, and

1.6% for a building service length of 50 years, respectively.

The extreme wind categories I, II, III, and IV are based on

the return periods of 300, 700, 1,700, and 3,000 years

(McAllister et al. 2018).

3 Results

The first two parts of this section present the results of

station data analyses that show spatiotemporal variations of

extreme wind observed in recent years and the attributions

to different scales of weather events. The last part presents

the new design wind map and compares it with the current

standards in Indonesia.

3.1 Spatial Distribution and Seasonal Variation

of Observed Wind

Statistics of the observed wind are shown in Table 1.

Annual averages of wind speed range from 0.98 to 3.44 m

s-1, with the whole-domain average of 1.82 m s-1. Aver-

ages of daily maximum gust are 5.32–9.95 m s-1 (domain

average of 6.99 m s-1). The lowest and highest 99th per-

centiles of daily gust are 8.58 m s-1 and 15.54 m s-1,

respectively. The average of the extremes is 11.64 m s-1.

The observed extreme values are generally similar to the

wind speeds observed during strong wind/gust incidents in

Indonesia documented in previous studies. Muzayanah

(2015) reported two wind incidents with wind speed of

25–30 knots (12.86–15.4 m s-1) in East Java. Based on

pilot reports in 38 airports, including those located in

western Java, Rais et al. (2020) showed that near-surface

gust-induced tailwind ranged from few knots up to 33

knots with a high probability at 10–20 knots (5.14–10.28 m

s-1). Outside Java Island, Rinaldi (2013) and Mujiasih and
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Fig. 3 Distributions of daily gust. a Classification of stations

according to their annual peaks of gust. Brown and green circles

are stations categorized into Cluster Northwest (NW) and Cluster

Southeast (SE). b, c show annual (Ann) and seasonal distributions of

daily maximum gust as boxplots. On each box, the central red line

denotes the median. The bottom and top edges of the box denote the

25th (q1) and 75th (q3) percentiles, respectively. The vertical lines

extend to the most extreme data points that are not classified as

outliers (plotted individually using the ? symbol if they are greater

than q3 þ 1:5ðq3 � q1Þ or less than q1 � 1:5ðq3 � q1Þ). DJF =

December-January-February, MAM = March-April-May, JJA =

June-July-August, SON = September-October-November
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Primadi (2016) documented strong wind incidents greater

than 25 knots in Borneo and Bali Islands, respectively.

The spatial patterns of annual wind speed and gust are

quite consistent (Fig. 2a, b). Lower wind speed and gust

tend to be observed in the center of the island where the

mountain ranges reside (Fig. 1). Higher wind speed is more

dominant in the lowland and coastal areas. Note that wind

speeds at some stations show large differences with their

surrounding stations, possibly owing to local effects that
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effectively modulate the wind variation. A future study is

needed to clarify this phenomenon.

Seasonal anomalies in Fig. 2c–j indicate a strong and

organized annual cycle of wind among the four seasons. In

DJF when the prevailing wind is northwesterly, the

northwestern side of the study area experiences higher

wind speed and gust compared to their annual averages,

whereas the southeastern side stations report lower wind

speed (Fig. 2c, d). In JJA and SON, an opposite effect

appears due to the prevailing southeasterly wind that

results in positive and negative anomalies in the south-

eastern and northwestern sides, respectively (Fig. 2g–j).

Meanwhile, wind anomalies in MAM tend to be negative in

all stations (Fig. 2e, f), possibly due to much weaker pre-

vailing wind in this season.

The previous analysis only discusses the variation of

average values. To examine the variation of extreme val-

ues, we plot distributions of daily gust in Fig. 3 and classify

them into the two clusters of stations according to their

seasonality. The appearance of upper outliers in boxplots

indicates that the seasonality of extreme gusts is similar to

the averages. For example, in the northwest region,

extreme winds in DJF are generally stronger than those in

JJA. This pattern is consistent with a separate study by

Poerbandono (2016) who reported that extreme wind speed

in the Seribu Islands (north of Jakarta) was larger during

the west monsoon (DJF). In contrast, in the southeast

region, the extreme winds are stronger in JJA/SON and

weaker in DJF (Fig. 3). The upwind stations tend to have

stronger extreme wind than the downwind stations.

3.2 Attribution to the Large-Scale and Small-Scale

Weather Events

Gomes and Vickery (1978) pointed out the importance of

separating extreme wind analyses in a mixed climate

region. Choi (1999) followed this approach and separated

the extreme events according to the associated weather

systems in Singapore. The mixture of the different weather

systems suggest a more complicated estimation of design

wind speed because they likely have different extreme

value distributions. Previous studies tend to divide the

wind-producing weather systems into thunderstorm and

non-thunderstorm (Choi 2000; Lombardo et al. 2009).

Many strong wind incidents in Indonesia have been linked

to thunderstorms (Muzayanah 2015; Nugraha and Trilak-

sono 2018; Rais et al. 2020). However, sorting the thun-

derstorm events require detailed weather reports, which are

unavailable in the current stations. Choi and Tanurdjaja

(2002) suggested a more appropriate approach by sorting

wind data into small-scale and large-scale weather events

instead of thunderstorm and non-thunderstorm events. The

small-scale weather systems, such as convective instabili-

ties, thunderstorms, and mechanical turbulence, trigger

locally-relevant winds. The large-scale weather systems,

for example those associated with synoptic weather pat-

terns and monsoons, have impacts on the background wind

flow.

Figure 4 shows the relative contributions of large-scale

and small-scale weather events on extreme gust occur-

rences (gusts greater than 95th percentile at each station). It

is evident that the small-scale weather events induce

stronger wind compared with the large-scale events

(Fig. 4a, b). The average of small-scale weather-driven

wind (uS) is 7.86 m s-1 and the maximum uS is 14.98 m

s-1
. The large-scale weather-driven wind (uL) generally

contributes less than uS. The average uL is 2.47 m s-1 but

the stations recorded as high as 8.75 m s-1.

By calculating a pdf of the differences between uS and

uLðD � uS � uLÞ, we observe that the small-scale events

are much more common than the large-scale events,

regardless of seasons and locations (Fig. 4c). Overall, about
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Fig. 5 Spatial comparison of a raw and b calibrated ERA5 gusts (m

s-1) shown by the 99th percentiles. Brown contours in a, b show

topography in ERA5 and topography in 1-km Shuttle Radar

Topography Mission (SRTM) data (Sandwell et al. 2014), respec-

tively. Circles in (b) denote gusts from stations
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97% of the extreme daily gust events are dominated by uS

component. Meanwhile only 3% of the extreme gust events

are attributed to higher uL. The low probability of the large-

scale events is consistent with Choi’s (1999) finding that

extreme gusts driven by non-thunderstorm events (gener-

ally due to large-scale weather system) in Singapore were

much less frequent than gusts driven by thunderstorm

events (small-scale weather system). Previous studies on

particular wind incidents in Indonesia frequently reported

the association of wind incidents with thunderstorms (for

example, Muzayanah 2015).

An interesting point is that despite the very low proba-

bility of occurrence, the large-scale-dominant wind events

(D\0) have a normal-like distribution of u with a median

of 12.2 m s-1 (Fig. 4d). Meanwhile, the small-scale-dom-

inant wind events (D[ 0) show a heavily skewed distri-

bution of u with a smaller median of 10 m s-1.

Nevertheless, the outliers of small-scale-dominant wind

events are greater than the maximum of large-scale-dom-

inant wind events (Fig. 4d).

3.3 Design Wind Speed Map and Comparison

with Previous Standards

Figure 5a and b compares ERA5 wind gusts before and

after the calibration. The southern coast of Java exhibits

higher gust speed, which is likely caused by strong trade

winds from the Indian Ocean. A striking difference is

found in the inland of Java. ERA5 simulates high gust

speed at 107.5�–108�E. The calibrated version, however,

shows low gust speed at this region. This difference is very

likely caused by the rough representation of topography in

ERA5. The high gust speed appears at the top of the

‘‘mountain’’ depicted in the ERA5 global model (Fig. 5a).

The speed-up at the crest of the mountain is caused by

compressed airflow due to increasing surface height (Stull

1988). However, a much more detailed topography map

reveals a wide basin located at this location (the Bandung

Basin), thus a low gust speed is dynamically expected

(Fig. 5b). Concerns regarding the quality of ERA5 gust

over complex topography were also mentioned in a pre-

vious study (Minola et al. 2020). The validity of calibration
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method is also confirmed by the close resemblances of

spatial variations of the calibrated data and stations data

(Fig. 5b).

The annual maxima of gust from the calibrated ERA5

are then used to calculate the design wind speed. Note that

the extreme wind maps created by using mixed data or

sorted data may not show much differences because of the

Fig. 7 Comparison of calculated design wind speeds with several

wind loading standards, taken at high and low wind speed regions

based on the new design wind map (within blue colored range). The

Indonesian wind loading standards (PPPURG and SNI 1725-2016)

remain constant for different return periods and different regions. The

Asia-Pacific standard (HB 212-2002) does change with return period,

but not with region

Table 2 Comparison between basic wind speed with a return period of 3,000 years (Risk Category IV) and local building standards at several

grid points as representatives of some cities

Location Latitude/longitude Indonesian standard (PPPURG 1987) (m/s) Current study (m/s) Difference (%)

Jakarta - 6.2088/106.8456 20 19.30 - 3.63

Bandung - 6.9175/107.619 20 17.94 - 11.48

Bogor - 6.5971/106.806 20 22.72 11.97

Tangerang - 6.1702/106.64 20 21.69 7.79

Depok - 6.4025/106.794 20 19.09 - 4.77

Bekasi - 6.2383/106.9756 20 22.39 10.67

Cirebon - 6.6899/108.4751 20 24.69 19.00

Kertajati - 6.6421/108.1192 20 24.69 19.00

Tasikmalaya - 7.3506/108.2172 20 23.79 15.93

Cianjur - 6.8168/107.1425 20 21.55 7.19

Serang - 6.1169/106.1539 20 23.23 13.90

Lebak - 6.5644/106.2522 20 25.89 22.75

Sukabumi - 6.9277/106.93 20 25.71 22.21

Pelabuhan Ratu - 6.9852/106.5475 25 30.09 16.92
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clear dominance of a particular weather system as shown in

Sect. 3.2 (Choi and Tanurdjaja 2002). Therefore, the

annual maxima from different weather systems are not

separated in this study. Figure 6 shows the spatial distri-

bution of extreme wind speed in different categories fol-

lowing the ASCE standard. The relatively high wind speed

regions are generally located in the southern part, while the

northern shore has lower wind speed. This finding strongly

implies that different coastal areas can experience high or

low wind speeds, while the current national standards

uniformly define all coastal areas as high wind speed

region. The distinction solely based on inland versus

coastal area as practiced by the current standards may

result in either underestimated or overestimated design

wind speed depending on the region. Although high wind

speed regions are generally close to the southern coastal

area, various inland areas also experience high wind speed,

making regionally-dependent design wind speed

neccessary.

Figure 7 compares the calculated design wind speed at

the lowest wind speed region with that at the highest wind

speed region. This value is then compared with the Aus-

tralian standard, HB212-2002 Design Wind Speeds for the

Asian Pacific Region (Holmes and Weller 2002), and

several national standards (PPPURG and SNI 1725-2016).

The HB212-2002 assigns the whole Indonesia to a design

wind speed of Level 1, where the nominal wind speed is

calculated by the equation of

VR ¼ 70 � 56R�0:1;

where R is the year return period, the consequent line is

plotted in Fig. 7. This gives a value of wind speed for a

50-year return period of 32 m s-1 and wind speed for a 500-yr

return period of 40 m s-1. The Indonesian loading standard

PPPURG assigns a general design wind speed of 20 m s-1 for

the whole region (considered as low wind speed) and a

special speed of 25 m s-1 for buildings located at all beach

shorelines (considered as high wind speed). Meanwhile, the

Indonesian design standard for bridges (SNI 1725-2016)

assigns a horizontal design wind speed between 25 to 35 m

s-1 for low to high wind speed regions, although these

regions are not specified on the map.

The comparison suggests that most of the Indonesian

standards, which only use one design wind speed value

regardless of return period, tend to yield underestimated

value especially in low wind speed regions. Despite

showing dependency to return period, the estimate of

HB212-2002 highly overestimates the extreme wind speed

for both high and low wind speed regions. Table 2 lists the

design wind speed of the national standard (PPPURG) for

various large cities in western Java. Some cities show less

than 5% difference between the calculated design wind

speed and the current standard, but other cities such as

Lebak and Sukabumi show a difference as large as 20%

and even higher. These differences, again, emphasize the

importance of adjusting the national design wind speed

standard regionally, especially to avoid underestimation in

the design wind speed.

4 Discussion

Section 4.1 discusses the practical application of the new

design wind map in disaster risk assessment. The limita-

tions of this study and future research direction are dis-

cussed in Sect. 4.2.
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4.1 Toward a Better Wind Disaster Risk Assessment

Although Indonesia experiences a high number of wind-

related disasters every year (Sarli et al. 2020; BNPB

2021), the country currently does not have a clear wind

risk map. The officials have developed an ‘‘extreme

weather’’ risk map based on several hazard and vulnera-

bility parameters as a proxy to identify areas prone to

strong wind incidents (BNPB 2016). The hazard param-

eters were topography, land use-land cover, and annual

rainfall. The use of annual rainfall was intended to

describe the distribution of thunderstorms because the

reported wind incidents were usually co-occurrent with

heavy rainfall events (in a local term referred to as puting

beliung phenomenon). However, the annual rainfall data

may not be able to accurately represent thunderstorm

occurrences because thunderstorms basically occur in a

short period of time (30 min to hours) (Holton 2004),

let alone represent the extreme wind.

To better mitigate socioeconomic impacts related to

wind disasters, a more appropriate representation of

extreme wind risk is needed. Our newly introduced wind

map offers a potential for better risk assessment since we

use a direct hazard parameter. This section demonstrates a

simple risk assessment case to identify areas prone to

wind disaster. The extreme wind map category I is used

as the hazard component and the population density map

as the vulnerability component. The population data are

obtained from the Worldpop population density dataset

(Gaughan et al. 2013). Figure 8a shows joint pdfs of the

wind hazard and population density. Risk distributions are

classified into four quadrants separated by each median in

the pdfs. We found that 18.8% of western Java is exposed

to a relatively high risk as denoted by stronger wind

speed and higher population density. About 62.9% of the

area exhibits medium risk, which indicates that the area

has either stronger wind speed and lower population

density, or weaker wind speed and higher population

density. Meanwhile, 18.3% of the area shows a low risk

due to weaker wind speed and lower population density.

The spatial distribution of four risk classifications are

shown in Fig. 8b.

Note that the defined risk levels are based on relative

values among the categories, thus they may not measure

the actual level of risks in the region of interest. Incorpo-

rating historical wind incident reports into the risk calcu-

lation is expected to improve the quality of the risk map.

Furthermore, the vulnerability parameter should also con-

sider other exposures, such as building type and building

quality (Sarli et al. 2020), as well as capacity parameters

related to regional economic capacity and public aware-

ness. Moreover the new wind map can be integrated into

assessments of multi-hazard analysis for spatial planning of

strategic and vital infrastructures (Sakti, Rahadianto, et al.

2022) and mitigation related to hydrometeorological dis-

asters in Indonesia (Harjupa et al. 2021; Sakti, Fauzi, et al.

2022).

4.2 Limitations and Future Research Direction

This study is expected to benefit the stakeholders in cre-

ating a better design wind standard in western Java, and to

attract more studies toward wind map development in the

whole Indonesian regions. BMKG has deployed numerous

AWS to all major islands of Indonesia so that a full-domain

wind map hopefully could be achieved in the future.

However, some notes should be taken in using the current

wind map or applying the methodology.

The calibrated wind data may be sensitive to the avail-

ability of stations and topography complexity. During the

interpolation of calibration coefficients in Sect. 2.2.3,

errors may appear in grid boxes that are far from reference

stations. Increasing availability of stations in the future will

surely improve the analysis and result in a better wind map.

However, building a dense meteorological station network

is a great challenge that needs continuous efforts and huge

investment, especially in Indonesia that consists of thou-

sands of remote islands. To provide a confidence guideline

for stakeholders, future studies may consider to carry out

uncertainty analysis while performing calibration by using

station data. It could be a function of distance to nearest

stations and topography characteristics.

To better accommodate complex topography effects in

the absence of station data, future study should consider

downscaling by using a regional climate model (RCM)

(Giorgi 2019) to estimate local gust characteristics. Kunz

et al. (2010) successfully simulated a detailed and accurrate

spatial distribution of extreme wind in Germany by using a

RCM. Furthermore, the ouput of RCM could be improved

by performing data assimilations of in situ or remotely-

sensed climate observations, resulting in a regional

reanalysis (RRA) (Bollmeyer et al. 2015).

Additional care should be taken for regions that may

have different climatic characteristics. For example,

although Indonesia is located very close to the equator, the

southernmost part of Indonesia (Lesser Sunda Islands) is

sometimes directly struck by TCs (Dare et al. 2012;

Mulyana et al. 2018). Design wind speed usually differ-

entiates cases of TC and non-TC (ASCE 2017). Possible

future changes of extreme wind should be anticipated

because global warming has shown a significant impact on

global and regional wind circulations (Vecchi and Soden

2007; Tangang et al. 2020). Exploration on other methods

for design wind speed estimation may be necessary to get

one with the least RMSE.
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5 Conclusion

Based on observational and reanalysis wind datasets, we

examined the variabilities of extreme wind and developed

an extreme wind map in western Java Island. The 5-year

wind observations reveal that both extreme daily mean

wind and maximum wind (gust) in western Java exhibit

spatial and seasonal variations. The northwestern side has

higher wind speed during the northwest monsoon, and the

southeastern side tends to have higher wind speed during

the southeast monsoon. The time series decomposition

results suggest that about 97% of extreme daily gusts are

attributed to small-scale weather systems.

Incorporating the observed wind data has been proven to

give added values to the local wind variation of the

reanalysis, particularly in the inland area where the

topography is complex. The distribution of calibrated wind

speed in various areas of western Java suggests that high

wind speed regions are generally located in the southern

shore part of the island, while the low wind speed regions

are located in the northern shore and inland. However, the

Indonesian national standards fail to capture such variation

as they only use one single values for the design wind

speed regardless of return period and area. The national

standards are likely to suffer from severe underestimation

of extreme wind speed. Meanwhile, the estimate of

HB212-2002 has a risk of highly overestimating the

extreme wind speed. The generalization between inland

versus coastal raises the concern of potential inaccuracy

that varies between regions, suggesting the necessity of

regional adjustment and consideration for a proper design

wind speed analysis.
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