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Abstract: Mountain waves are a phenomenon that had occurred due to the interaction of laminar flow in
the atmosphere with the contours of the mountains. These waves had been characterized by the presence of
lenticular clouds that had formed at the mountain peaks. On the 5th of November 2020, lenticular clouds had
formed simultaneously in East and Central Java. During the same period, Australian Monsoon was still active
in Java region. Based on these two phenomena, this research had investigated the influence of the Australian
Monsoon on the process of mountain wave formation in Central Java and East Java using FNL data. The
processing had been carried out using WRF-ARW with resolutions of 9, 3, and 1 km. The results had shown the
presence of easterly winds that had affected the atmospheric stability of the Central Java and East Java regions,
characterized by the formation of laminar flow, with the formation of laminar flow occurring first in the East
Java region. The model output results for potential temperature parameters and visualizations had shown stable
atmospheric conditions from the 4th to the 6th of November. The parameter of vertical wind speed had indicated

the presence of mountain wave fluctuations in all regions.
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I. INTRODUCTION

Monsoons are wind patterns that form seasonally. It’s
formed due to the difference in heat received between the land
and the ocean [1]. There are two types of monsoon that pass
through Indonesia [2]. The monsoons are the Asian Mon-
soon (west) and the Australian Monsoon (southeast). Mon-
soon winds can affect local wind conditions. Local wind is
the part that affects meso-scale circulation [3]. The Java re-
gion, specifically, is influenced by the Australian Monsoon
flow which determines the local wind cycle [4]. This circu-
lation can be viewed through the direction of laminar airflow
over the ground at the 850 mb layer [5].

Laminar flow is the flow of particles that will sequentially
form a straight line without turbulence [6]. Laminar flow is
the main factor in the formation of lenticular clouds. Lentic-
ular clouds can form in the presence of mountain waves [7].
These waves are created when steady-state winds hit a topo-
graphical obstruction (mountains) and form turbulence when
they reach the other side of the mountain [8]. This turbulence
is dangerous for aviation and sometimes difficult to predict
[3].

Mountain waves occur when the atmosphere is in a sta-
ble state. This atmospheric stability can be studied in two
ways. The first way is by reviewing the buoyancy frequency
using the potential temperature parameter () against height (z),
which is called static stability [9]. The second way is to re-
view the frequency of buoyancy and wind shear against tur-
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FIG. 1: Research location.

bulence, which is called dynamic stability and is represented
by the Richardson Number [10]. In addition, the flow velocity
against the speed of gravity can also be used to see the influ-
ence of the atmosphere on the formation of mountain waves,
or commonly called the Froude Number [11 - 13].

On 5 November 2020, cap clouds (Ienticular) formed simul-
taneously in 7 mountains in the Central Java and East Java Re-
gions [14]. BMKG informed that there was a southeast wind
flow in the same period, the first ten-day period of November
2020. This wind flow from the southeast is active until the
third ten-day period in November [15]. Based on this phe-
nomenon, a study will be conducted on the influence of the
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FIG. 2: The research flowchart.

Australian Monsoon on the formation of mountain waves in
Central and East Java.

II. METHOD

The phenomenon is studied by visualize the wind direction
and speed during the Australian Monsoon and the occurrence
of mountain waves at 4 mountain locations. Atmospheric
stability parameters (static stability and Richardson Number)
and Froude Number will also be used as a comparison when
mountain waves occur.

The calculation of Richardson Number [10] is following:
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where, Ri = Richardson Number; Afv = Potential temperature
differences (K); g = Gravitational acceleration constant (9.8
m s~2); AV = North-south wind speed differences (m s~!);
Tv = Absolute temperature (K); AU = East-west wind speed
differences (m s~1); Az = Height difference (m)

The calculation of Froude Number [10] is Eq. (2).

U
~ Nh,

where, Fr = Froude Number; U = surface wind speed while
passing through the mountain (m/s); N = Brunt-Vaisala fre-
quency (s~1); h, = height of mountain peaks (m).

Fr )

The research was conducted at Central Java and East Java.
The Central Java region was conducted on Mount Sumbing
(7°23°5” N and 110°4°20” E) and Mount Sindoro (7°18’8”
N and 109°59°45” E). The two mountains are 12.45 km apart
with elevations of 3.371 km and 3.136 km respectively. The
East Java region was conducted on Mount Arjuno (7°43°30”
N-S and 112°35°21” E) and Mount Welirang (7°54°59” N-S
and 112°27" E). The two mountains are 26.29 km apart with
an elevation of 3.339 km. The location of the four mountains
is shown in Fig. 1.

This research was run for three days. On 4 November 2020
(before the event), 5 November 2020 (during the event), and 6
November 2020 (after the event). Data processing was carried
out with the following tools:

1. Weather Research & Forecasting-Advanced Research
(WRF-ARW) version 4.1.2
A modelling application for open-source numerical
simulation and prediction of the atmosphere [16]. This
latest version of WRF will be used in processing the
FNL data. The mountain wave simulation display and
its parameters use the Tropical Physics Suite parame-
terization which is considered to have a high level of
validity. [13].

2. Grid Analysis and Display System (GrADS) Version
2.2.1
GrADS is an earth science data processing applica-
tion with 4 conventional dimensions (latitude, longi-
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FIG. 3: 850 mb layer wind direction and speed (m/s) at 00 UTC (a) 4 November (b) 5 November and (c) 6 November .

tude, vertical height, and time) and 1 optional dimen-
sion Kinter [17]. This latest version of GrADS will be
used in the process of visualising the output data from
the WRF-ARW model into several parameters.

3. Spreadsheet (Number Processing Application)
Spreadsheet is an instinctive cell-based application
that is structured and simple [18]. This application
will be used in the numerical data processing process
of visualisation results from GrADS to analyse the
comparison of each parameter at different times and

locations.
FIG. 4: Wind direction and speed (m/s) of the 850 mb layer
in the first ten-day period of November 2020. (Source:
The model output data is processed into the following: BMKG, 2020).
1. The 9 km resolution data was visualised to determine
the wind direction and speed in East Java and Central III. RESULT AND DISCUSSION
Java.

A. Australian Monsoon
2. The 1 km resolution data was processed for potential

temperature and Richardson Number parameters to de- Analysis of monsoon conditions was undertaken in the 850
termine the dynamic stability of the atmosphere, Froude  mp Jayer. During the case study period (4 to 6 November
Number parameters for mountain wave fluctuations,  2020) the wind direction in the 850 mb layer varied from
and vertical velocity parameters for mountain wave vi- northeast to southeast (Fig. 3). The triangular symbols in Fig.
sualisation. The research flow can be seen in Fig 2. 3 indicate the mountain locations with light blue for Sindoro,

dark blue for Sumbing, red for Arjuno and orange for Weli-
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FIG. 5: Potential temperature (K) 00 UTC at Mount Arjuno 4 November (b) 5 November dan (c) 6 November.
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FIG. 6: Potential temperature (K) 00 UTC at Mount Welirang (a) 4 November (b) 5 November dan (c) 6 November.
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TABLE I: Richardson Number at Mount Arjuno and
Welirang every hour at 700 mb layer.

HOUR  Mount Arjuno Mount Welirang
(UTC) 4 Nov 5 Nov 6 Nov 4 Nov 5 Nov 6 Nov

0 285 054 0.19 202 0.04 0.86
1 634 1.89 0.17 0.10 0.03 0.06
2 1.21 038 0.09 0.01 0.01 0.01
3 0.80 048 0.06 0.01 0.05 0.02
4 040 049 0.09 0.00 0.03 0.01
5 0.18 036 0.28 0.00 0.03 0.04
6 0.10 0.25 056 0.00 0.03 3.28
7 0.14 848 021 0.00 0.02 025
8 0.08 1.79 0.09 0.00 0.01 0.01
9 0.03 1723 0.10 0.00 0.01 0.01
10  0.06 637 006 0.01 0.10 0.01
11 0.06 255 0.06 0.01 033 0.06
12 005 0.65 024 0.03 331 0.03
13 0.05 020 441 031 0.05 0.02
14 010 0.12 349 0.03 0.70 0.03
15 017 0.16 528 055 0.16 0.07
16 044 1.12 0.70 277 0.11 0.37
17 0.64 3.18 086 0.05 0.04 0.10
18 1.80 10.65 2.12 7.27 0.10 0.06
19 159 021 2655 032 021 0.10
20 831 053 024 032 146 0.80
21 541 047 0.09 1.08 028 0.09
22 744 012 212 0.04 048 0.05
23 1.10 0.15 059 0.02 4.17 0.10

rang. The white colour in the figure indicates the geographical
influence of the mountainous region which results in the wind
speed data not being clearly depicted.

Wind speed on 4 November at 00 UTC came from the east
to northeast. Wind variations over a 24-hour period were 4-10
m/s in the Central Java region. While in the East Java region
the wind speed variation is lower, which is around 2-6 m/s.

On 5 November, the wind direction in Central Java and East
Java came from the east. Wind speed in Central Java had a
speed variation of 4-8 m/s. Speed variations were more di-
verse in East Java, ranging from 6-14 m/s. One day after the
event, the monsoon wind speed decreased in both study do-
mains. Speed variations in both regions were between 2-8 m/s
with a southeast direction.

Overall, the conditions of wind direction and speed pass-
ing through Central Java and East Java have the same pattern
as the results of the monsoon influence analysis published by
BMKG (Fig. 4). This analysis is focused on the first ten-day
period of November 2020.

B. Atmospheric Stability

Changes in potential temperature based on altitude can be
seen from the distribution of potential temperature around the
four mountains. The potential temperature around Mount Ar-
juno shows an increase in potential temperature based on al-
titude (Fig. 5). At the top of the mountain, a wavy pattern is
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FIG. 9: Time series graph of Froude Number at Mount
Arjuno (blue) and Mount Welirang (orange) in the 700 mb
layer (a) 4 November (b) 5 November dan (c) 6 November.

formed, which is affected by wind flow and the shape of the
mountains.

For the model output at Mount Welirang, there are some
white areas in the image indicating the presence of blank data
due to the geographical influence of the mountainous region
(Fig. 6). But overall, the potential temperature distribution
pattern is still clearly depicted in the layer above the surface.
The same potential temperature distribution pattern is formed
as that of Mount Arjuno.

The distribution of potential temperatures also shows the
same trend in the Sumbing Mountain (Fig. 7) and Sindoro
Mountain (Fig. 8). The potential temperature range at the top
of the mountain ranges from 310 to 315 Kelvin. The value will
continue to increase based on altitude up to the 400 mb layer.
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TABLE II: Richardson Number at Mount Sumbing and
Sindoro every hour at 700 mb layer.

HOUR  Mount Sumbing Mount Sindoro
(UTC) 4 Nov 5 Nov 6 Nov 4 Nov 5 Nov 6 Nov

0 0.00 132 064 5.04 0.00 1.41
1 0.09 031 0.04 1.10 291 0.68
2 026 0.11 0.09 219 277 2.86
3 027 0.12 0.11 129 539 0.36
4 0.00 2.79 0.14 055 0.10 6.19
5 035 0.02 032 027 0.08 0.05
6 0.77 0.02 0.03 0.11 0.02 0.03
7 0.06 0.02 0.04 0.03 0.10 0.05
8 0.14 0.02 036 0.02 0.60 0.02
9 0.01 0.00 0.06 70.04 020 0.15
10 024 0.01 097 0.04 0.02 242
11 0.12 0.17 0.10 0.10 0.09 0.03
12018 0.05 283 0.09 0.12 1.10
13 0.72 0.04 004 075 0.11 1.44
14 020 0.03 0.13 027 0.03 19.63
15 0.10 250 083 005 022 024
16 000 0.13 096 050 0.08 0.46
17 395 031 151 0.16 0.08 0.18
18 044 187 004 1.60 0.13 0.10
19 0.1 2321 044 150 0.20 0.15
20 0.15 054 0.06 9.07 043 0.18
21 0.18 033 0.10 159 042 031
22 032 0.06 0.08 061 1.07 0.00
23 041 017 027 143 040 0.00

However, a clearer wave pattern is formed on both mountains
in Central Java. This indicates the influence of wind on the
pattern of potential temperature distribution per layer.

Based on the model output at Mount Sindoro, there are
some white areas near the surface, indicating that the model
has not been able to describe in detail the conditions occurring
in the layer very close to the surface (Fig. 8).

The Richardson Number value describes the dynamic sta-
bility conditions. This value is used to assess the timing of the
formation of conditions that are supportive of mountain wave
formation. These conditions are laminar conditions that are
characterised by Richardson Number values that exceed 1.

The distribution of Richardson Number values in the East
Java region shows that laminar flow began to form on 4
November at 16 UTC on Mount Welirang. Then the forma-
tion of the flow also occurred on Mount Arjuno two hours
later, precisely at 18 UTC (Table I). The model output shows
a long-lasting laminar flow on Mount Arjuno until 5 Novem-
ber at 01 UTC.

In the Central Java region, there are differences in the start
time of the laminar flow formation event. On the date of
the event (5 November 2020) laminar flow formed first on
Mount Sumbing at 00 UTC. This laminar flow only lasted one
hour. Then the Ri value shows the presence of laminar flow
on Mount Sindoro at 01 UTC. This situation lasted for three
hours in the morning (Table II).

Laminar flow also occurred at 15 UTC on Mount Sumbing
for one hour which was then followed by a reappearance at 18
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FIG. 12: Time series graph of Froude Number at Mount
Arjuno (blue) and Mount Welirang (orange) in the 700 mb
layer (a) 4 November (b) 5 November dan (c) 6 November.

UTC. This condition was also continued at the appearance of
laminar flow at 22 UTC on Mount Sindoro.

On 4 and 6 November 2020 the formation of laminar flow
also occurred several times on the four mountains, overall
laminar flow conditions are more dominant on Mount Arjuno
and Mount Sindoro. This can be seen from the distribution of
Ri > 1 values that occur more in these two locations.

C. Mountain Waves

Based on the calculation of the Froude Number on Mount
Arjuno and Welirang (Fig. 9), the value of Fr on both moun-
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FIG. 13: Vertical velocity (m/s) and isentropic contours at Mount Sumbing (a) 5 November 01 UTC (b) 5 November 08 UTC
(¢) 5 November 09 UTC (d) 5 November 15 UTC.

tains only ranges from 1 s{ — 2) to 0.4 s — 2) . The Froude
Number pattern shows an increase on the 4th (before the
event) and then a decrease on the 6th (after the event).

Based on the visualisation of vertical velocity and isen-
tropic contours, mountain waves on Mount Arjuno began to
form on 4 November. The mountain wave appeared at 22
UTC, characterised by an increase in vertical velocity (Fig.
10). This phenomenon then weakened on 5 November at 02
UTC. However, the mountain wave strengthened again until
it reached its maximum vertical velocity at 08 UTC. Then the
wave started to disappear on the 5th at 16 UTC.

In the area of Mount Welirang, there is a difference in the
timing of the beginning of the formation of mountain waves.
The formation of mountain waves occurred first on Mount
Welirang and then followed by events on Mount Arjuno. The
wave started to appear on the 4th at 16 UTC (Fig. 11). The
wave weakened at 18 UTC, but then strengthened again un-
til it reached the maximum vertical velocity on the 5th at 01
UTC. Then the wave started to dissipate at 14 UTC.

The model outputs of vertical velocity parameters and isen-
tropic contours have linear results with dynamic stability con-
ditions. Based on these two parameters, the appearance of
mountain waves can be seen on Mount Welirang first on 4
November at 16 UTC, which is then followed by the appear-
ance on Mount Arjuno on 4 November at 18 UTC.

In the Central Java region, on 4 November, the Fr values at
both locations showed the same pattern, namely an increase

until the early morning of 5 November. However, during the
event (5 November) in the afternoon there was a different pat-
tern between the two mountains. Fr values tended to decrease
on Mount Sindoro and increase on Mount Sumbing. This con-
dition persisted until 6 November (Fig. 12).

Based on the picture of vertical velocity and isentropic
contours, a mountain wave formed on Mount Sumbing on 5
November at 01 UTC (Fig.13). This mountain wave contin-
ued to persist constantly and reached maximum strength at 08
UTC. This peak vertical velocity condition lasted for one hour
until 09 UTC. The phenomenon then weakened at 15 UTC.
Overall, there was a constant wave pattern, high wind speed
and tight isentropic contours.

Similar conditions also occurred in the Mount Sindoro re-
gion. A mountain wave formed at the same time, on 4 Novem-
ber at 21 UTC. This mountain wave continued to persist con-
stantly and reached its peak on 5 November at 07 UTC. This
peak condition of vertical velocity strengthening also lasted
for two hours until 09 UTC. This wave was weakened at 10
UTC (Fig. 14).

The image of vertical velocity and isentropic contours have
linear results with the calculation of Richardson Number (dy-
namic stability). Based on these two parameters, the appear-
ance of mountain waves can be seen since early morning on 5
November. However, there is a slight time difference between
laminar flow conditions and wave formation.
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IV. CONCLUSION

Based on the results of the research, it can be concluded that
the mountain waves that occur on the four mountains are in-
fluenced by the Australian Monsoon. This is indicated by the
occurrence of mountain waves that occurred first in East Java
and followed by the Central Java region. The mountain waves

that occur in the four locations are formed when the Froude
Number value is below 1. The parameters used (static sta-
bility, Ricardson Number, and vertical velocity) can describe
the mountain wave events well. In the future, further research
is needed with different time periods and locations to obtain
the characteristics of each mountain wave parameter in the In-
donesian region, especially the Java Island region.
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