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Abstract 

 One of the factors that influence the complexity of the weather and climate phenomena in Indonesia 

is the diverse topographical conditions. The Mountain waves are quite common in Indonesia, especially on 

the island of Java, which has several mountains with quite high peaks. The existence of mountain waves 

can be known from the presence of lenticularis clouds both on top of the mountain are regularly reported 

by residents in the area of Mount Ungaran and Mount Lawu in Centra Java. This study utilized the Weather 

Reasearch Forecast (WRF), a numerical weather model to identify mountain waves and their characteristics 

in Mount Ungaran and Mount Lawu. The results of the study are that there were 2 mountain wave events 

in Mount Ungaran on 9 September 2018 with an average duration of 5 h, and horizontal wavelengths 

reaches 28 km. During that mountain wave events, there was also a type 1 rotor with dominant positive 

vorticity and a breaking pattern that indicates the potential for strong turbulence which is supported by 

critical Ri value at a distance of 30 - 90 m on the leeward side. Meanwhile, in Mount Lawu case on 9 March 

2019, the mountain wave onset occurs during the day is in the afternoon, its duration is 2 h, wavelengths 

ranging from 5.9 to 6.1 km, where in the leeward side has no strong turbulence potential. In general, WRF 

can simulate both mountain waves and rotors, but has not been able to properly simulate the downslope 

windstorms. 

Keywords: Mountain wave, Rotor, Downslope windstorm, Vertical wind shear, Richardson number, 

Froude number, WRF 

 

 

Introduction 

 Mountain waves are atmospheric waves that occur when strong winds pass through a topographical 

obstacle with the normal wind component perpendicular to the barrier [1]. Basically, mountain waves occur 

due to strong wind that hit topographical barriers and lead to the top when atmospheric conditions are stable, 

then generate turbulence when they reach the other side of the mountain known as the leeward side [2,3]. 

Mountain waves are generally considered a small-scale meteorological phenomenon. However, wind-flow 

over broad ridges can produce orographic disturbances in the meso-scale range of 10 to 100 km, which 

characteristics depend on windspeed averages and stability profiles [4].  

 Indonesia as an archipelago located in the maritime continent has complexities in weather and climate 

phenomena [5-7]. One of many factors that influence the complexity is the diverse topographic conditions 

consisting of lowlands, highlands and mountains with high peaks [8]. Lenticularis clouds form within the 

crest of these mountain waves where the air is ascending when there is enough moisture above mountain-

top level [1]. Mount Lawu and Mount Ungaran are some of the mountains on the central part of Java 

reported by local residents that lenticular clouds are often seen. 

 When a mountain wave produces a very high amplitude, it will form a windstorm that descends the 

mountain slope called downslope windstorm. This windstorm may cause an extensive damage to the slopes 

of the mountains because of its high wind speeds [9-11]. In addition, the high amplitude of mountain waves 

can lead to the formation of a rotor circulation near the surface, when the flow reverses a short distance 

horizontally, the flow breaks and then rotates with height [12,13]. The type of rotor depends on the sign of 
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the dominant horizontal vorticity with positive vorticity dominate the developing type 1 rotor, while 

negative vorticity dominate the developing type 2 rotor [14]. 

 Research related to mountain waves in Indonesia is still limited because of the lack of in-situ 

observation data in mountainous areas. To overcome this lack of observation data, research on mountain 

waves can be carried out based on reanalyzed data processed using numerical weather models such as 

Weather Research and Forecasting (WRF) model [15,16]. Based on the aforementioned background, this 

study aims to analyze the occurrence of mountain waves using the WRF model, when the lenticular clouds 

of Mount Ungaran and Mount Lawu are reported to be visible to local residents. 

 

Materials and methods 

 The research locations in this study are Mount Ungaran and Mount Lawu that located in Central Java, 

which are shown in Figure 1. Mount Ungaran, which rises to a height of 2,050 m above ground level 

(AGL), is situated south of Central Java’s northern coast, whereas Mount Lawu, a sizable compound 

stratovolcano that stands at 3,265 m AGL, is situated between Central and East Java in Indonesia [17]. The 

time of the research was carried out based on a case study on 9 September 2018 when a downslope 

windstorm occurred on Mount Ungaran and on 9 March 2019 on Mount Lawu. Some residents around the 

mountain at that time reported the presence of lenticular clouds seen above the peaks of Mount Ungaran 

and Mount Lawu [18,19]. 
 The synoptic observation data used in this study include direction and speed of the surface wind, 

temperature and humidity used as a comparison in verifying the WRF simulations. Meteorological data 

were obtained from The Agency for Meteorology, Climatology and Geophysics of The Republic of 

Indonesia (BMKG). A 6 h time interval of Final Data Analysis (FNL) from National Centers for 

Enviromental Prediction (NCEP) used to generate the initial conditions in the WRF-ARW [20]. The FNL 

dataset is in GRIB2 format with a grid resolution of 0.25 ° (~27.75 km) and downloaded on 

https://rda.ucar.edu/datasets/ds083.3/. We used 48 h of running period in WRF model, included 24 h of 

spin up time with 1 km2 resolution for each case using the configuration as shown in Table 1. 

 

 

Figure 1 Research locations on Mount Ungaran and Mount Lawu, Central Java. 

 

Table 1 Configuration of the WRF-ARW model used in this study. 

Configuration 
Domains 

d1 d2 d3 

Horizontal resolution 9 km 3 km 1 km 

Domains time step 60 s 60 s 60 s 

Physics suite tropical tropical tropical 

Cumulus parameterization 0 (off) 0 (off) 0 (off) 

Cumulus parameterization 0 (off) 0 (off) 0 (off) 
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 The potential temperature parameters and geopotential height from the WRF simulation were used to 

calculate the Brunt-Väisälä frequency (𝑁) by using following formula [21]: 

 

𝑁 = √
𝑔

𝜃

𝑑𝜃

𝑑𝑧
                                  (1) 

 

 with 𝜃 is potential temperature (K); 𝑔 is gravity acceleration constant (9.8 m/s2); 𝑧 is geopotential 

height (m). The value of the Brunt-Väisälä frequency, surface wind speed and the height of the mountain 

peak were used to calculate the Froude number (𝐹𝑟) [22], which is formulated by: 

 

𝐹𝑟 =
𝑈

𝑁ℎ
                        (2) 

 

 with 𝑈 is the surface wind speed over mountains (m/s); 𝑁 is Brunt-Väisälä frequencies representing 

static stability; ℎ is the mountain peak height (m). 

 Brunt-Väisälä frequency values, 𝐹𝑟, and temporal analysis of vertical velocity were used to determine 

the onset and dissipation of mountain waves [23]. If the value of 𝐹𝑟 > 1, it indicates that there is oscillation 

so that there is mountain wave activity and if the value of 𝐹𝑟 < 1, it indicates that there is no oscillation so 

that there is no mountain wave activity [22]. Determination of mountain wavelengths is based on spatial 

analysis of vertical velocity using the WRF model and linear wave calculations [24,25]. 

 Rotor characteristics and downslope windstorm were determined by analyzing the value of horizontal 

vorticity [13]. The relationship of VWS in the inversion layer and horizontal wind speed at the top of the 

mountain was used to determine the type of rotor that occurred [14,26]. The turbulence potential generated 

by the rotor is obtained based on the Ricardson number (Ri). In a moderate turbulence, the Ri value is 

higher than 0.25 and lower than 1, while for a high turbulence if the Ri value is lower than 0.25. The wind 

parameters from the model output are used to see the wind speed on the slopes of the mountain. In addition, 

the classification of mountain waves is obtained based on cross section analysis of vertical wind speed 

around the mountain during the occurrence of mountain waves. We determine the characteristics of 

downslope windstorms by analyzing the isentropic contours and wind speed on top of the mountain peak. 

A value of Ri less than 0.25 denoting the presence of a strong turbulent flow on the mountain slopes [27]. 

 

Results and discussion 

 WRF verification 

 The reliability and accuracy of the WRF numerical simulations were verified with weather parameters 

observed with nearest Automatic Weather Stations (AWS Ungaran), synoptic observation data in 

meteorological station (MS) and climatological station (CS) which locations as in Figure 1. The simulation 

in Mount Ungaran case using WRF model started from 07.00 LT on 8 September 2018 to 07.00 LT on 9 

September 2018. Table 2 shows the verification results of the WRF simulation.  

 

Table 2 The verification results of WRF simulation on 9 September 2018 at some observation points for 

Mount Ungaran case. 

Parameters 

Correlation RMSE 

AWS  

Ungaran 
MS CS 

AWS 

Ungaran 

Met 

Station 

Clim 

Station 

Air temperature 0.537 0.290 0.817 18.781 5.987 2.722 

Air humidity 0.547 0.326 0.543 5.285 11.117 15.423 

Wind velocity 0.274 0.573 0.142 5.322 2.606 3.923 

Air pressure 0.309 0.196 0.367 13.426 2.138 7.807 

 

 Verification on 9 September 2018 shows that the surface air temperature element has a correlation 

value greater than 0.5 and a relatively low RMSE value. The air humidity element has a fairly good 

correlation value but the RMSE value is not good enough, which is greater than 10. In the verification of 

the wind speed and air pressure elements, the correlation value is less than 0.5. However, the RMSE values 

for the elements of wind speed and air pressure are relatively low, indicating that the WRF model can still 

simulate surface wind elements even though the results are not good enough. Analysis of correlation values 
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and RMSE in Table 2, shows that the use of the Tropical Scheme in this WRF simulation is quite good in 

simulating the elements of temperature and humidity of the surface air, but not good enough in simulating 

the elements of surface wind and air pressure in Mount Ungaran case. 

 We used nearest AWS (AWS Jumantono) in verification of the WRF simulation in Mount Lawu case. 

The simulation was started from 07.00 LT on 8 March 2019 to 07.00 LT on 9 March 2019. Based on Table 

3, the verification results showed a very strong correlation value with the results of observations from AWS 

in air temperature and humidity. This shows that the WRF model well simulate the air temperature and 

humidity in Mount Lawu. Meanwhile in wind speed and air pressure, the correlation value is less than 0.5, 

which means that both parameters have a weak correlation. The RMSE value of the wind speed simulation 

is relatively low, while RMSE of the air pressure simulation is the highest among all parameters. Analysis 

of correlation and RMSE shows that the use of the Tropical Scheme in the WRF simulation is quite good 

in simulating the elements of surface air temperature and humidity, but not good enough in simulating the 

elements of surface wind and air pressure in Mount Lawu case. 

 WRF simulations give better results on surface air temperatures because the use of the ‘tropical suite’ 

parameterization scheme which is also in other studies in Indonesia is indeed suitable for simulating surface 

air temperatures in the tropics [28]. In addition, the WRF simulation in this study also showed reliable 

results in the air humidity simulation. This is in line with another research in Indonesia by Hastuti and Paski 

[29], that also used a ‘tropical suite’ parameterization which still gave reliable outcomes in simulating air 

humidity even without data assimilation. However, the WRF simulation in this study gave unsatisfactory 

results in simulating surface wind speed and surface pressure. The difficulty of the WRF model in 

simulating surface wind and surface air pressure is also experienced in another research in Indonesia by 

Sari et al. [30], which also use WSM6 contained in the ‘tropical suite’ as a microphysics scheme in their 

WRF model. 

 

 

Table 3 The verification results of WRF simulation on 9 March 2019 at AWS Jumantono on Mount Lawu 

case. 

Accuracy parameters 
Correlation RMSE 

AWS Jumantono AWS Jumantono 

Air temperature 0.701 1.926 

Air humidity 0.642 15.251 

Wind velocity 0.301 6.271 

Air pressure 0.287 24.231 

 

 

 Mountain wave analysis 
 The results of a linear calculation on 9 September 2018 at Mount Ungaran are shown in Table 4 

which indicates that the waves have the potential to oscillate when passing through the mountain at a layer 

of 500 mb, with a value of 𝑁2 more than 0 from 07.00 to 24.00 Local Time (LT). The 500 mb layer is used 

in mountain wave analysis because between these layers lenticular clouds usually observed above the 

mountain peaks as a sign of mountain waves existence [31]. In the first mountain wave event, the wave 

onset was known from the value of 𝐹𝑟 more than 1 at 01.00 LT, which then the mountain wave dissipated 

at 07.00 LT. In the second incident, the onset of the mountain wave occurred at 13.00 LT and then dissipated 

at 23.00 LT. 
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Table 4 Characteristics of the 500 mb layer mountain waves based on linear calculations on 9 September 

2018 at Mount Ungaran. 

LT 

Brunt-

Väisälä 

frequency 

(s−1) 

𝑵2 

(s−2) 

𝑭𝒓 

(s−1) 

Horizontal 

wavelength 

(km) 

Wave classification 

00 0.01213 0.0001471 0.56 - - 

01 0.01242 0.0001541 1.10 5.0 Vertically propagating wave 

02 0.01223 0.0001495 1.10 4.8 Vertically propagating wave 

03 0.01199 0.0001438 1.02 5.0 Vertically propagating wave 

04 0.01166 0.0001359 1.03 5.1 Vertically propagating wave 

05 0.01172 0.0001373 1.01 5.4 Vertically propagating wave 

06 0.01165 0.0001356 1.01 5.4 Vertically propagating wave 

07 0.01189 0.0001413 1.02 5.2 Vertically propagating wave 

08 0.01146 0.0001313 1.03 5.3 Vertically propagating wave 

09 0.01190 0.0001415 0.66 - - 

10 0.01233 0.0001521 0.67 - - 

11 0.01214 0.0001475 0.67 - - 

12 0.01211 0.0001467 0.65 - - 

13 0.01220 0.0001489 1.00 6.8 Vertically propagating wave 

14 0.01228 0.0001507 1.04 7.0 Vertically propagating wave 

15 0.01220 0.0001489 1.02 6.4 Vertically propagating wave 

16 0.01221 0.0001492 1.07 7.1 Vertically propagating wave 

17 0.01291 0.0001666 1.03 6.7 Vertically propagating wave 

18 0.01300 0.0001689 1.03 6.8 Vertically propagating wave 

19 0.01310 0.0001716 1.03 6.6 Vertically propagating wave 

20 0.01321 0.0001745 1.03 6.7 Vertically propagating wave 

21 0.01321 0.0001744 1.02 6.8 Vertically propagating wave 

22 0.01328 0.0001764 1.003 6.9 Vertically propagating wave 

23 0.01320 0.0001742 1.07 6.9 Vertically propagating wave 

24 0.01314 0.0001727 0.95 - - 

 

 Based on Figure 2, the occurrence of mountain wave oscillations on 9 September 2018 was 

fluctuated. On that day there were 3 occurrences of mountain waves that appeared and dissipated. In the 

first incident, the onset of the mountain wave started at 07.00 LT and dissipated at 10.00 LT. Mountain 

waves on the first occurrence can oscillate for up to 2 h. In the second incident, the onset of the mountain 

wave occurred at 12.00 LT, then the wave strengthened at 16.00 LT which was marked by an increase in 

vertical speed and an increase in wave amplitude and then the wave weakened at 19.00 LT, which was 

indicated by a weakening vertical velocity value, and the wave amplitude is also weakened, but the wave 

propagation horizontally has expanded until mountain waves dissipate at 22.00 LT. 

 Two mountain wave events were identified on 9 September 2018 at Mount Ungaran. The duration of 

the occurrence of the first mountain wave is 6 h, while the duration of the occurrence of the second mountain 

wave is 10 h. The mountain wave oscillates as far as 4.8 to 7.1 km horizontally. The classification of 

mountain waves obtained from on cross section analysis of vertical wind speed around the mountain is 

vertically propagating wave (Figure 2). The duration of the oscillating mountain wave on 9 September 
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2018 can last from 8 to 11 h. The presence of 2 mountain waves on Mount Ungaran in the morning and 

evening suggests that the mountain waves were moved between but did not move for several hours. This 

shifting can result from a wavelength shortening in the afternoon caused by a slowing of the upstream 

horizontal wind speed [32]. 

 

 

Figure 2 Vertical air velocity (m/s) and isentropic contour near Mount Ungaran on 9 September 2018 with 

the contour line refers to potential temperature in K. 

 

 Meanwhile in Mount Lawu case, the characteristics of mountain waves based on the results of linear 

calculations on 9 March 2019 shown in Table 5, it was found that the wave onset occurred at 13.00 LT and 

dissipated at 15.00 LT. The duration of the mountain waves on that day was 2 h, with wavelengths ranging 

from 5.9 to 6.1 km, and were classified as vertically propagating waves. 

 

Table 5 Characteristics of the 500 mb layer mountain waves based on linear calculations on 9 March 

2019 at Mount Lawu. 

LT 
Brunt-Väisälä 

frequency (s−1) 

𝑵2 

(s−2) 

𝑭𝒓 
(s−1) 

Horizontal 

wavelength 

(km) 

Wave classification 

00 0.01300 0.00002 0.6 - - 

01 0.00567 0.0000322 1.06 4.2 - 

02 0.00733 0.0000537 0.78 - - 

03 0.00701 0.0000492 0.78 - - 

04 0.00708 0.0000501 0.78 - - 

05 0.00701 0.0000492 0.839 - - 

06 0.00692 0.0000479 0.89 - - 

07 0.00685 0.0000469 0.97 - - 

08 0.03013 0.0000671 0.22 - - 
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LT 
Brunt-Väisälä 

frequency (s−1) 

𝑵2 

(s−2) 

𝑭𝒓 
(s−1) 

Horizontal 

wavelength 

(km) 

Wave classification 

09 0.00694 0.0000679 0.92 - - 

10 0.00665 0.0000630 0.96 - - 

11 0.00653 0.0000580 0.97 - - 

12 0.00649 0.0000539 0.95 - - 

13 0.00622 0.00004974 1.14 5.9 Vertically propagating wave 

14 0.00645 0.00005073 1.13 5.9 Vertically propagating wave 

15 0.00655 0.0001074 1.01 6.1 Vertically propagating wave 

16 0.00659 0.0001080 0.97 - - 

17 0.00666 0.0000460 0.91 - - 

18 0.00682 0.0000433 0.96 - - 

19 0.00677 0.0000928 0.96 - - 

20 0.00668 0.0000515 0.89 - - 

21 0.00749 0.0000514 0.91 - - 

22 0.00748 0.0000536 0.92 - - 

23 0.00755 0.0000542 0.90 - - 

24 0.00770 0.0000563 0.95 - - 

 

 Based on the vertical velocity analysis, the onset of the mountain wave on 9 March 2019 as shown in 

Figure 3, started at 13.00 LT, and dissipated at 15.00 LT. Then the mountain wave oscillates with the 

duration of 2 h on that day. Horizontal mountain wavelengths can reach 4 km. Vertical wave oscillations 

based on spatial vertical velocity analysis show oscillating waves up to 600 mb layer. 
 The analysis of vertical wind speed and isentropic contours shows that the mountain waves on Mount 

Ungaran and Lawu are vertically propagating waves in both cases. There was slight wind shear direction 

between the upper and lower pressure levels in both cases. Because the lack of such wind shear prevents 

the formation of critical levels in the atmosphere, which can obstruct wave propagation upward. This will 

help the formation and vertical propagation of mountain waves [33]. 

 

  
Figure 3 Vertical air velocity (m/s) and isentropic contour near Mount Lawu on 9 March 2019 with the 

contour line refers to potential temperature in K. 
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 The characteristics of the mountain wave rotor on Mount Ungaran are shown in Figure 4, where there 

was a breaking wave pattern indicated by a strong turbulence at that location on 9 September 2018. This is 

supported by the negative and positive vorticity value which also dominates the area. At 19.00 LT, the 

value of the vorticity weakened and there was no longer a breaking wave pattern, while there was a tight 

isentropic contour. In general, the horizontal vorticity at the time of the occurrence of mountain waves has 

a positive value of 0.2 to more than1 s−1. However, at 16.00 LT, there was a negative horizontal vorticity 

with a value of −0.2 to −0.4 s−1. Rotor activity can expand up to 650 mb layer. 

 

 

Figure 4 Horizontal air vorticity (s−1) on 9 September 2018 at Mount Ungaran with the contour line refers 

to potential temperature in K. 

 

 Based on Figure 5, on the leeward side of the Mount Ungaran there is a Ri value less than 1 at 16.00 

LT. This indicates the potential for turbulence at that location. At a height of z2 there is a critical Ri value 

(Ri ≤ 0.25) which indicates a strong potential for turbulence at that altitude [27]. The potential for strong 

turbulence extends to an altitude of z = 4.5 km. Meanwhile, at 19.00 LT on the leeward side of the mountain, 

a pattern of the Ri value was seen which was the same as the Ri value at 16.00 LT. This is due to the 

presence of a dense isentropic contour even though the intensity of the vorticity value is weakened. Based 

on the results, in general, the rotor produced was a type 1 rotor with a dominant positive vorticity value 

[14]. Moreover, during 16.00 LT, at a height of z2 there is a critical Ri value (Ri ≤ 0.25) which also indicates 

a strong potential for turbulence at that altitude. 

 

 

Figure 5 Richardson Numbers (Ri) to determine turbulent flow when the rotor occurs on 9 September 2018 

at Mount Ungaran with each value of z level = 30 m. 

 

 At 13.00 LT, on the leeward side of the Mount Lawu, there is a Ri value of more than 1 at an altitude 

of z1. This indicates that there is no potential for turbulence at this location. The low Ri value (0.5 ≤ Ri ≤ 

1) starts to show at the 900 mb layer. Then when z2 there is a subcritical Ri value (0.25 ≤ Ri ≤ 0.5) and a 

low Ri value which indicates a potential for weak to moderate turbulence [27]. Then at an altitude where 

there is a wave pattern on the isentropic contour (overturning isentropic), there is a critical Ri value (Ri ≤ 

0.25) which indicates a strong turbulence potential at that altitude [27]. Meanwhile, at 14.00 LT the critical 
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Ri value (Ri ≤ 0.25) which indicates the potential for strong turbulence has begun to be seen in the 900 mb 

layer (Figure 6). 

 

 

Figure 6 Richardson Number (Ri) to determine turbulent flow when a rotor occurs on 9 March 2019 at 

Mount Lawu. 

 

 

 Figure 7 shows the downslope characteristics of mountain wave windstorms in the Mount Ungaran. 

On that day there were 2 events of mountain waves that appeared and then dissipated. In the first incident, 

the onset of the mountain wave started at 07.00 LT and dissipated at 10.00 LT. Mountain waves on the first 

occurrence can oscillate for up to 2 h. In the second incident, the onset of the mountain wave occurred at 

12.00 LT, then the wave strengthened at 16.00 LT which was marked by an increase in vertical speed and 

an increase in wave amplitude. The wave weakened at 19.00 LT, which was indicated by a weakening 

vertical velocity value and the wave amplitude is also weakened. However, the wave propagation 

horizontally has expanded and then dissipate at 22.00 LT. 

 

 

Figure 7 Wind speed and isentropic contours to determine the downslope windstorm during mountain wave 

on 9 September 2018 at Mount Ungaran with the contour line refers to potential temperature in K. 
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 During the mountain waves on 9 March 2019 at Mount Lawu, there was no downslope windstorm on 

the slopes of the mountain. This is evidenced by the wind speed value of 3 to 5 m/s. In addition, on that 

day, both at 13.00 and 14.00 LT, no tight isentropic contours were seen on the side of the mountain slope 

(Figure 8). 
 
 

 

Figure 8 Wind speed and isentropic contours to determine the downslope windstorm during mountain 

waves on 9 March 2019 at Mount Lawu with the contour line refers to potential temperature in K. 

 

 

Conclusions 

 In Mount Ungaran case on 9 September 2018, there was 2 mountain waves that appears and then 

dissipates. In the first incident, the onset of the mountain wave started in the morning and dissipated at 

10.00 LT with oscillation duration up to 2 h. In the second incident, the onset of mountain waves occurred 

at noon and experienced a strengthening in the afternoon which was marked by an increase in the vertical 

speed. There was an increase in wave amplitude and then the waves weakened towards the evening marked 

by a weakened vertical velocity value with the amplitude also weakened. However, the wave propagation 

horizontally expanded, and finally dissipated at 22.00 LT. Meanwhile in Mount Lawu case on 9 March 

2019, the onset of waves occurred during the day and then dissipated in the afternoon. The mountain waves 

last for 2 h with wavelengths ranging from 5.9 to 6.1 km. 

 The existence of a rotor on Mount Ungaran was indicated by the presence of a breaking wave pattern 

indicated by isentropic contours and horizontal vorticity with a type 1 rotor with strong turbulence. 

Meanwhile, in Mount Lawu case, on the leeward side of the mountain, there was no potential for turbulence 

at that location, while the 900 mb layer indicated the potential for weak to moderate turbulence. WRF can 

simulate mountain and rotor waves well, but could not well simulate the downslope windstorm on Mount 

Ungaran and Mount Lawu. 
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