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Abstract 

Tropical Cyclones (TC) Paddy and Freddy traversed the southern coast of Indonesia, each exhibiting distinct 

intensities and times. TC Paddy occurred in November 2021, while TC Freddy occurred in February 2023. 

This study utilized satellite data from multiple sources to assess the variations in the effects of TCs on aquatic 

environments, incorporating wind, chlorophyll-a (Chl-a), and sea surface temperature (SST) data. Both TC 

Paddy and Freddy exhibited comparable effects on the surface waters they traversed, specifically elevated 

Chl-a concentrations and a reduction in SST. Interestingly, a less significant rise in Chl-a, was observed as a 

consequence of TC Freddy, which was characterized by stronger winds than TC Paddy. This can be partly 

explained by the difference in translation speed between the two TCs. TC Paddy exhibited a slower 

translation speed of 1.07 m/s, in contrast to TC Freddy's 4.28 m/s, leading to prolonged turbulence of the 

surface water influenced by TC Paddy, hence facilitating a greater uplift of nutrients to the surface. The 

surface currents were also affected by the translation speed parameter. The strength would be affected by the 

slower (faster) translation speed, resulting in a stronger (weaker) outcome. Meanwhile, for wave parameters, 

the TC with greater (lesser) intensity produced higher (lower) significant wave heights. 

 

Keywords: Tropical Cyclone; Chl-a; SST; Wave; South of Java. 
 

1. Introduction 

The southern coast of Java, part of the Indian 

Ocean, represents an area characterized by 

diverse interactions among regional and 

global factors (Wijaya et al., 2024). The 

waters are affected by various oceanographic 

and atmospheric phenomena, including the 

Indonesian Through-flow (Lubis et al., 2025; 

Feng et al., 2018), upwelling (Wen et al., 

2023; Wirasatriya et al., 2020), the South 

Equatorial Current, South Java Current 

(Wijaya et al., 2023; Ningsih et al., 2021), 

and tropical cyclones (TCs) (Setiawan et al., 

2021). TCs are natural events that induce 

weather disturbances along their path, 

resulting in strong winds and maritime 

storms that affect coastal regions (Li et al., 

2025; Kropf et al., 2025; Jullien et al., 2024). 

TCs require high sea surface temperatures 

(SST), instability, and profound moist 

convection for development and 

intensification (Sahoo and Bhaskaran, 2017; 

McTaggart-Cowan et al., 2015). 

TCs infrequently make landfall in Indonesia; 

nevertheless, their activity at southern 

latitudes can significantly affect water 

conditions south of Java by modifying 

surface wind patterns, elevating wave 

heights, altering SST, and disrupting current 

circulation (Yang et al., 2024; Dac Da et al., 

2023; Hendra et al., 2020; Hadi et al., 2019). 

Research by Susilohadi et al. (2018) showed 

that significant wave height in southern Java 

exceeding 3 meters isoften associated with 

TC activity in the southern Indian Ocean, 

particularly between November and April. 

Furthermore, global climate change, which 

affects the patterns of TC formation, is 

expected to increase both the frequency and 
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intensity of extreme waves in this region 

(Hadi et al., 2019). 

A TC is distinguished by the presence of 

powerful winds that have the potential to 

promote the mixing of different layers of the 

ocean, which in turn enriches surface waters 

with nutrients. This results in an increase in 

the concentrations of chlorophyll-a (Chl-a) in 

the regions that are brought under the 

influence of the cyclone (Shi et al., 2025; 

Chen et al., 2022; Li and Tang, 2022; Liu et 

al., 2020; Chacko, 2019). For instance, 

Efendi, (2018) reported that Chl-a variability 

in southern Java surged by 88-100% one-

week post-cyclone. Furthermore, Setiawan et 

al., (2021) conducted study indicating that 

Chl-a and sea surface temperature (SST) in 

the Savu Sea were affected by wind speed 

and the translational speed of TC Seroja. 

Setiawan et al. (2021) have also indicated a 

positive association between TC and Chl-a 

within Indonesian territory, attributed to 

upwelling and mixing processes. 

In late November 2021, BMKG detected and 

reported a tropical storm in the Indian Ocean 

south of Central Java, identified as TC 

Paddy, at a velocity of 20 m/s. The cyclone 

advanced westward at a velocity of 5 km/h, 

distancing itself from Indonesian territory, 

resulting in heavy to moderate rainfall across 

several regions (Pattie, 2022). In mid-

February 2023, another TC, designated as 

Freddy, manifested in the Indian Ocean south 

of Bali, reaching a maximum intensity of 38 

m/s. The cyclone progressed southwest, 

departing from Indonesian territory 

(Ciardullo et al., 2025; Liu et al., 2023).  

The interaction dynamics between two 

distinct TC significantly influence the 

physical and biogeochemical conditions of 

marine waters. This aspect is crucial in the 

study of ocean-atmosphere interactions  

due to its potential for redistributing  

water masses, mixing ocean layers,  

and affecting primary productivity and 

marine ecosystems. In this study, we 

endeavor to determine the extent to which  

the water conditions in southern Java  

varied prior to, during, and following  

the passage of TC Paddy and Freddy. We 

aim to accomplish these objectives by 

utilizing reanalysis data and high-resolution 

satellite data that are currently available. 

Data on Chl-a, SST, wind, significant wave 

height, and surface current were utilized in 

this study. 

 

2. Materials and Methods 

2-1. Data 

The geographical boundaries of the research 

region are located in the Indian Ocean, just 

south of Java Island, extending from 105˚ to 

115˚E and from 5˚ to 20˚S (see Figure 1). 

The data utilized encompasses each TC 

during a one-month period, including the pre-

cyclone phase, the peak of cyclone itself, and 

the post-tropical cyclone phase. TC Paddy 

traversed the southern region of Java Island 

in November 2021, while TC Freddy 

occurred in February 2023. This investigation 

makes use of satellite data obtained from a 

variety of different sources. The variables 

and data sources employed in this study are 

summarized in Table 1. 
 

 
Figure 1. The observation region is marked by dotted yellow box. The black and yellow lines in the right panel denote 

the trajectories of TC Paddy and Freddy, respectively. 
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To comprehend the physical features of TC 

Paddy and Freddy, we utilized surface wind 

data acquired from the Cross-calibrated 

Multi-platform (CCMP). Suzuki et al. (2018) 

evaluated multiple wind speed dataset 

sources and determined that the CCMP 

dataset exhibited the highest accuracy. 

However, the current version of CCMP 

demonstrates considerable accuracy at wind 

velocities below 15 m/s but tends to 

underestimate wind speeds at greater 

magnitudes (Mears et al., 2019). The wind 

dataset shares a spatial resolution of 0.25 

degrees in both latitude and longitude for the 

u and v components. The CCMP dataset 

provides temporal resolution at intervals of 

six hours each. Comprehensive 

specifications, data assimilation techniques, 

and further information regarding the CCMP 

data are available in the works of Atlas et al. 

(2011). 

The European Space Agency supervises the 

Ocean-Color Climate Change Initiative (OC-

CCI) project, which gathered the Chl-a data 

included in this study. The Chl-a data can be 

freely downloaded from the Marine 

Copernicus website at this address: 

http://marine.copernicus.eu/. The data is 

accessible at a daily temporal period and a 

spatial resolution of 4×4 km (Sathyendranath 

et al., 2019). The OC-CCI algorithm is 

designed for use in the open ocean 

environment. In turbid waterways, dissolved 

organic matter, sediment, and dust particles 

result in a persistent overestimation, as the 

spectral signal is not only derived from 

chlorophyll (Goncalves-Araujo et al., 2018). 

Furthermore, data on the SST that came from 

the Operational Sea Surface Temperature and 

Sea Ice Analysis (OSTIA) were also utilized 

in this study. The OSTIA system is 

responsible for the generation of SST data 

through the use of in-situ and satellite 

measurements. It comes with a spatial 

resolution of 1/20 degree and a daily 

temporal resolution. Free access to SST data 

from OSTIA is available on the Marine 

Copernicus website. Good et al. (2020) and 

Donlon et al. (2011) provide a 

comprehensive examination of the properties 

of these data. The data on SST were utilized 

in order to determine the changes in the 

impact that TC Freddy and Paddy had on the 

cooling of the aquatic environment that they 

got through. 

In addition, this study employed reanalysis 

data on significant wave heights (SWH),  

sea water temperature (SWT), and surface 

currents, sourced from Marine Copernicus. 

Surface current and SWT data were derived 

from the GLORYS12V1 product, featuring  

a horizontal resolution of 0.083º (Lellouche, 

et al., 2013). The GLORYS12 sea level  

is approximately 0.25 mm lower than  

the altimetry annually (Jean-Michel et al., 

2021). This bias primarily arises from the 

standard utilized for the orbit. We utilized 

SWH data from WAVERYS, including a 

geographical resolution of 0.2º and a 

temporal resolution of every 3 hours. There is 

a slight bias for global products and the SWH 

scatter index averages 8% with better data 

assimilation. Comprehensive and extensive 

information pertaining to data specifications 

is available in the work by Ardhuin et al. 

(2010).

 
Table 1. Overview of the data utilized in the research. 

No Variables Source 
Spatial 

resolution 

1 Wind speed 
the Cross-calibrated Multi-platform 

(CCMP) 
0.25˚ 

2 Chl-a 
the Ocean-Color Climate Change 

Initiative (OC-CCI) 
4 km 

3 SST 
the Operational Sea Surface Temperature 

and Sea Ice Analysis (OSTIA) 
0.05˚ 

4 Significant wave height WAVERYS 0.2˚ 

5 Surface current GLORYS12V1 0.083˚ 

6 Sea water temperature GLORYS12V1 0.083˚ 
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2-2. Data Analysis 

Wind data acquired from CCMP will be 

analyzed utilizing the methods provided 

below to derive values for wind speed, wind 

stress curl (WSC), and Ekman pumping 

velocity (EPV). Each of these variables 

played a crucial role in defining the physical 

properties of TC and the way TC interacts 

with surface water. Initially, the wind speed 

is calculated using Equation (1): 

𝑉 = √(u2 + v2) …                                …..(1) 

 in which u and v represent the zonal and 

meridional components of wind, respectively. 

West-east direction is zonal, while south-

north direction is meridional. 

Subsequently, by utilizing the u and v 

components of the wind data, we transformed 

them into WSC through the application of 

Equation (2): 

WSC =
∂τy

∂x
−

∂τx

∂y
 ……                               ..(2) 

where 𝜏𝑥  and 𝜏𝑦  are the wind stress 

components derived from Equations (3) and 

(4) as presented by Kok et al. (2017) and 

Kutsuwada (1998): 

𝜏𝑥 = 𝜌𝛼𝐶𝑑𝑉𝑢 ……                                    ..(3) 

𝜏𝑦 = 𝜌𝛼𝐶𝑑𝑉𝑣 ……                                   ..(4) 

where 𝜌𝛼 represents the density of air, which 

is 1.2 kg/m³, and Cd denotes the drag 

coefficient, valued at about1.3 × 10⁻³. 

Wind data was also utilized to compute EPV, 

facilitating the analysis of the vertical 

movement of water masses influenced by TC 

Freddy and Paddy. According to the findings 

presented by Wirasatriya et al. (2020), the 

calculation of EPV was conducted in 

Equations (5) and (6): 

EPV = −
WSC

𝜌w𝑓
 …                                   …..(5) 

𝑓 = 2Ω sinφ …                                      ...(6) 

In Equation (6), f represents the Coriolis 

factor, Ω denotes the Earth's rotational speed, 

quantified as 7.29 x 10
-5

 rad/s, and φ 

indicates the latitude expressed in radians. In 

Equation (5), the density of sea water is 𝜌w, 

which is 1025 kg/m³. 

The analysis of Chl-a data produced results 

regarding concentration and distribution. 

Visualization was performed with detailed 

attention to the occurrences of TC Paddy 

during the periods of November 20-25, 

alongside the occurrences of TC Freddy 

during the intervals of February 7-12, 2023. 

This was likewise applicable to all data 

utilized as observational variables in this 

investigation. In order to conduct a thorough 

analysis of the relationship between TCs and 

SST and Chl-a, we computed the average of 

each variable prior to (November 17 to 20, 

2021), during (as mentioned above), and 

following the occurrence of the TC Paddy 

(November 25 to 28, 2021). In the case of TC 

Freddy, the specifics are outlined as follows: 

before (February 4 to 7, 2023), during (as 

previously stated), and after the event of TC 

Freddy (February 12 to 15, 2023). We 

established a four-day window before and 

after the event for observation, under the 

assumption that the residual effects of the TC 

had dissipated from the observation site. 

Furthermore, the area was averaged over the 

region affected by the TC events. 

Considering that the location is a certain area 

that TC passes through. For TC Paddy, the 

coverage extended from 8ºS to 17ºS and from 

105ºE to 110ºE. In the case of TC Freddy, the 

area spanned from 12ºS to 18ºS and from 

105ºE to 110ºE. The data processing for this 

research was conducted exclusively with 

OpenGrads software. 

 

3. Results and Discussion 

3-1. Wind patterns observed during TC 

events 

TC Paddy and Freddy traversed over the 

southern waters of Java in around six days, 

according to an analysis of the spatial 

distribution of winds shown in Figure 2. 

Consequently, we presented the observed 

variables corresponding to the temporal 

occurrence of the TC at the observation 

location boundary, specifically TC Paddy 

from November 20, 2021, to November 25, 

2021, and TC Freddy from February 7, 2023, 

to February 12, 2023. Moreover, Figures 2 

and 3 depict the daily visualization of wind 

direction and speed during TC Paddy and 

Freddy. The wind movement was 

characterized by a clockwise direction, with 

low wind speeds at the cyclone's center and 

higher wind speeds in the surrounding area. 

This represents a common occurrence of a 

TC in the southern hemisphere (Pillay and 

Fitchett, 2020, 2021). Both the movement 

and intensity features of the two TC are 

extremely different from one another.
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Figure 2. Surface wind patterns during the TC paddy in 2021 are illustrated in Figures (a) to (f). Figures (g) to (l) depict 

the surface wind conditions during TC Freddy in 2023. The vector denotes wind direction, but the color 

signifies magnitude in m/s. 

 

TC Paddy's seed developed outside our 

specified observation area, located in the 

southwestern region of Java. Subsequently, it 

progressed gradually eastward without 

notable development, beginning to encroach 

into the observation area on November 21, 

2021. TC Paddy transitioned into the TC 

phase on November 22, 2021, reaching its 

peak intensity on the same day and 

categorizing as a system of category 1 (as per 

the classifications used by the Australian 

Bureau of Meteorology). TC Paddy 

progressively advanced southwestward 

within the observation area from November 

22 to November 24. The strongest sustained 

winds were seen in the southern system  

of the TC Paddy structure, with gusts  

hitting 17 m/s. Nevertheless, this condition 

was transient; the system exhibited a  

slow decline on November 23 and 24, 2021, 

and was no longer detectable at the 

observation areaon November 25, 2021 

(Pattie, 2022).  

For TC Freddy, the tropical depression 

initiated formation in the eastern region of 

the observation area, specifically to the south 

of the Lesser Sunda Islands (Perry et al., 

2024). This condition eventually evolved into 

a TC on February 6, 2023, as documented by 

Liu et al. (2023). Subsequently, it progressed 

gradually westward, where on February 7, 

TC Freddy had not yet traversed the waters 
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south of Java (Figure 3a). TC Freddy showed 

up in the observation area on February 8, 

with maximum wind speeds surpassing 22 

m/s (Figure 3b). Between February 8 and 11 

(Figure 3b-3e), TC Freddy's structure 

remained mostly stable while traversing the 

southern waters of Java, despite the diameter 

of its wind gusts, seemed to expand on 10 

February 2023. Afterwards, the cyclone 

became undetectable within the observation 

area (Figure 3f), it shifted southwestward 

toward Madagascar, ultimately establishing a 

record as the most enduring TC (Perry et al., 

2024). 

 

3-2. Response of SST and Chl-a during TC 

Events 

Numerous prior studies have demonstrated 

that the passage of TCs over an ocean results 

in a reduction of SST by as much as 2˚C (Yu 

et al., 2023; Dare and McBride, 2011). It is 

important to highlight that TC necessitate 

SST exceeding 25.5˚-26.5˚C for their 

formation and sustenance of intensity (Tory 

and Dare, 2015; McTaggart-Cowan et al., 

2015). Therefore, to assess the impact of TCs 

on the ocean, we investigated the time series 

of SST when the TCs were identified within 

the observation region. Figure 3 indicates 

that prior to the TC traversing the southern 

waters of Java, SSTs varied between 26.5˚ 

and 29˚C. This aligns with previous study, 

which found that the average sea surface 

temperature in southern Java ranged from 

26°C to 29.5°C (Wijaya et al., 2024; 

Wirasatriya et al., 2020). This situation 

enabled TC to sustain its intensity while 

entering southern Java. 
 

 
Figure 3. Same as Figure 2, but for the distribution of SST in ºC. 
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Following the entry of TC Paddy into the 

observation region from the west between 

November 21 and 23, 2021 (Figure 3b-3e), 

the SST in the vicinity of latitude 10°S to 

13°S dropped by roughly 0.5°C. This result 

remained below the global average reported 

by Dare and McBride (2011), which 

indicated that the SST decline had reached 

0.9°C. After the TC departed from the waters 

south of Java, SST was observed to rise, 

ultimately reaching 29°C at the same latitude 

(Figure 3f). In the southern region of the 

observation area, interesting phenomena 

were observed; specifically, the TC on 

November 24 resulted in an increase in SST 

around latitude 14° to 15°S. The increase was 

somewhere between 0.25° and 0.5°C. It was 

a rare occurrence; however, it was plausible 

that intensified winds are pushing warmer 

water masses southward from latitudes north 

of 13°S, leading to an elevation in SST. 

For TC Freddy, SST values around the path 

of TC encountered a decrease of 

approximately 1°C to 2°C. The decline of 

SST commenced on February 9, 2023, as TC 

Freddy had not yet entirely entered the 

observation area on February 8, and was still 

located south of Bali. From February 10 to 

12, the SST in the vicinity of latitudes 14° to 

17°S experienced a cooling due to the linear 

movement of TC Freddy from east to west. 

Following the TC's departured from the 

southern waters of Java on February 12, the 

SST resumed increases. The reduction in 

SST along the trajectory of a TC is 

sometimes ascribed to a phenomena termed a 

cold wake. This phenomena transpired when 

the intense winds linked to a TC blended 

warm surface water with colder subsurface 

layers, leading to an overall reduction in 

surface temperature (Yan et al., 2025; Akhila 

et al., 2022; Karnauskas et al., 2021). 
 

 
Figure 4. The distribution of EPV during the TC Paddy are illustrated in Figures (a) to (f). Figures (g) to (l) depict the 

distribution of Chl-a. The vector denotes wind direction. 
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TC Paddy and Freddy significantly 

contributed to the enhancement of Chl-a 

concentration via the upwelling mechanism 

induced by EPV along the trajectory of the 

TC. The results indicated that negative EPV 

values were consistently produced in reaction 

to the movement of the TC, as shown in 

Figures 4 and 5. Negative EPV values 

suggested upward velocities, signaling the 

occurrence of an upwelling phenomenon in 

the area (Setiawan et al., 2021; Wirasatriya et 

al., 2020). During the progression of TC 

Paddy, there was a notable increase in Chl-a 

concentration, reaching an average of 0.21 

mg/l (Figures 4g to 4l). Following the 

passage of TC Paddy over the water, there 

was a gradual decline in Chl-a concentration, 

signifying the trajectory of the TC. 

Similar patterns were observed during TC 

Freddy, where Chl-a concentrations rose, 

albeit at lower levels compared to TC Paddy 

(Figures 5g to 5l). During the presence of TC 

Freddy over a body of water, there was a 

notable increase in Chl-a concentration, 

averaging 0.12 mg/l, with a peak value 

recorded at 0.18 mg/l. Upon examining 

February 9 to 12, it was evident that the rise 

in Chl-a gradually diminished, yet it still 

retained remnants along the trajectory of TC 

Freddy, similarly to the occurrence of TC 

Paddy. Analysis of the wind speed indicated 

that TC Paddy exhibited a lower wind speed 

compared to TC Freddy; however, the 

concentration of Chl-a was higher during the 

occurrence of the TC Paddy. The 

phenomenon observed may be attributed to 

TC Paddy traversing the southern region of 

Java in November, coinciding with an 

upwelling event that resulted in a rise in Chl-

a concentration in the area, albeit with a 

relatively slight intensity (Wijaya et al., 

2024).
 

 
Figure 5. Similar to Figure 4, but for TC Freddy. 

 

m/s

mg/l
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Vertical profiles of SWT were presented to 

confirm the upwelling of cold water mass 

from the subsurface as the TC traversed the 

waters south of Java. Observations 

concentrated on the locations where the TC 

attained its maximum intensity, specifically 

at latitudes 14ºS for Paddy and 17ºS for 

Freddy. Figure 6 illustrates the occurrence of 

a mixing process during the passage of TC 

Paddy and Freddy. The subsurface water 

mass that ascended to the surface exhibited 

lower temperatures during the peak of TC 

Freddy in February 2023. When TC Paddy 

occurred in November 2021, it coincided 

with La Nina (Huang et al., 2024; Li et al., 

2023) and Negative IOD (Wijaya et al., 2024) 

events, resulting in increased water 

temperatures in southern Java. In February 

2023, the triple dip La Niña that commenced 

in the 2020/2021 period ended (Chen et al., 

2025), resulting in a cooling of SST in 

Indonesian waters. 

Moreover, to conduct a more thorough 

examination of the varying impacts of  

TC Paddy and Freddy on the southern waters 

of Java, we computed the average of  

each variable at the designated location.  

The average calculations performed at  

each site of TC activity, taking into account 

the conditions before, during, and after  

the occurrence of TC, indicated that the Chl-a 

concentration was much higher during  

TC Paddy (Figure 7). A p-value of less  

than 0.05 suggests that the findings  

are statistically significant. Although  

the correlation coefficient (r) between  

wind speed and Chl-a is low (-0.1), Chl-a 

concentrations showed a peak as TC Paddy 

traversed southern Java, with the maximum 

average value recorded at approximately 

0.125 mg/l on November 23, 2021. Prior  

to the TC event, the peak average  

Chl-a concentration was approximately 0.09 

mg/l, indicating a 39% rise in Chl-a 

concentration. This was accompanied by a 

reduction in SST of 0.4˚C, which attained its 

minimum value of approximately 27.5˚C. 

This finding aligns with the study conducted 

by Wang et al. (2023), which showed that the 

TC can lead to increased Chl-a 

concentrations in aquatic environments via 

the Ekman pumping mechanism. Once the 

TC left the observation area, Chl-a did not 

instantly revert to its original minimum value, 

suggesting that the TC trajectory continued to 

manifest residual effects as evidenced by 

Chl-a concentrations monitored by satellites. 

However, this was not applicable to SST, 

which immediately witnessed a spike 

following TC Paddy. The high r value (-0.89) 

suggested that the strong gusts associated 

with TC Paddy resulted in a decrease in 

water temperature within the observation 

area. 
 

 
Figure 6. The upper panel displays the SWT pattern associated with TC Paddy (at 14ºS) prior to its occurrence on 

November 19, 2021 (a), during its occurrence on November 23, 2021 (b), and following its occurrence on 

November 27, 2021 (c). The lower panel depicts TC Freddy (at 17ºS) prior to its occurrence on February 6, 

2023 (d), during its occurrence on February 10, 2023 (e), and following its occurrence on February 14, 2023 

(f). Expressed in ºC. 

a) 19 Nov 2021 b) 23 Nov 2021 c) 27 Nov 2021

d) 6 Feb 2023 e) 10 Feb 2023 f) 14 Feb 2023

m

m
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Figure 7. Area averages for wind in m/s (black line), SST in ºC (red line), and Chl-a in mg/l (blue line) throughout the 

pre-, during, and post-2021 TC Paddy event. Specifically between longitudes 105˚E and 110˚E, and latitudes 

8˚S and 17˚S. The period during which the TC traversed the observation area was denoted by a dotted gray 

square. 
 

The p-values obtained, which are less than 

0.05, indicate a statistically significant 

relationship among the wind, SST, and Chl-a 

variables. However, the correlation between 

wind speed and SST, as well as Chl-a during 

TC Freddy, demonstrated results comparable 

to those observed during TC Paddy, with 

wind speed exhibiting a strong positive 

association with SST (-0.71) and a weak 

relationship with Chl-a (0.23). Figure 8 

illustrates a rise in Chl-a concentration 

coinciding with the passage of TC Freddy 

across the southern waters of Java. However, 

the average maximum Chl-a concentration 

reached was around 0.093 mg/l, which was 

still lower than the Chl-a concentration noted 

during TC Paddy. The peak Chl-a 

concentration recorded prior to the TC event 

was approximately 0.072 mg/l. Hence, the 

rise in Chl-a during the TC Freddy event was 

29.2%. This was accompanied by a reduction 

in SST of 0.5˚C, decreasing from 28.8˚C 

prior to the TC to 28.3˚C upon its entry  

into the observation region. The residual 

effect of TC Freddy on the waters  

was reflected in the Chl-a concentration, 

which remained higher along the TC path  

for two days before reverting to its baseline 

level prior to the TC event. Following the  

TC event, SST had an increase referred to  

as recovery time. Following the TC Paddy 

event, SST had a substantial spike, but  

the increase in SST following TC Freddy  

was quite modest. The SST decreased by 

0.4°C from before to during TC Paddy, 

indicating a less pronounced cooling effect 

compared to TC Freddy. Ling et al., (2021) 

asserted that a prolonged (shorter) recovery 

time will result from stronger (weaker) SST 

cooling.
 

 
Figure 8. Area averages for wind in m/s (black line), SST in ºC (red line), and Chl-a in mg/l (blue line) throughout the 

pre-, during, and post-2023 TC Freddy event. Specifically between longitudes 105˚E and 115˚E, and latitudes 

12˚S and 20˚S. The period during which the TC traversed the observation area was denoted by a dotted gray 

square. 

r (wind speed vs SST) = -0.89
r (wind speed vs Chl-a) = -0.1

p < 0.05

r (wind speed vs SST) = -0.71
r (wind speed vs Chl-a) = 0.23

p < 0.05
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The variation in the rise of Chl-a 

concentration between TC Paddy and Freddy 

may also be attributed to the varying 

translation speeds of the two. TCs that 

exhibited a slower translation speed were 

associated with greater increases in Chl-a 

levels (Chacko, 2019; Zhao et al., 2017). The 

translation speed of TC Paddy was calculated 

as it transitioned from latitude 12ºS to 14.5ºS 

between November 21 and November 24, 

2021. In a separate analysis, TC Freddy's 

movement from longitude 115ºE to 105ºE 

was examined from February 8 to February 

11, 2023. The findings indicated that TC 

Paddy exhibited a translation speed of 1.07 

m/s, whereas TC Freddy achieved a speed of 

4.28 m/s. The slower translation speed led to 

an extended duration for the mixing 

mechanism within a body of water, 

consequently allowing a greater quantity of 

nutrients to ascend to the surface. At the 

same time, a fast translation speed resulted in 

a shorter mixing duration in aquatic 

environments, consequently causing minimal 

elevation of Chl-a (Li and Tang, 2022; Wang, 

2020; Zhao et al., 2017). Nonetheless, it is 

essential to take into account additional 

factors, including the prevailing climate 

conditions. In November, as TC Paddy 

occurred, the southeasterly monsoon was 

predominant in southern Java. This wind 

pattern has the potential to induce upwelling, 

facilitating the ascent of nutrient-rich deeper 

water to the surface, thereby increasing Chl-a 

concentration. 

 

3-3. Response of Wave and Ocean Current 

In addition to Chl-a, ocean waves were 

another variable affected by TC activities. 

Figure 9 demonstrates that greater SWH were 

produced during TC Paddy, which exhibited 

a more intense TC strength compared to TC 

Freddy. This contrasted with Chl-a, where 

the largest concentrations were observed 

during TCs with the slowest translation speed. 

When TC Freddy traversed southern Java, it 

generated SWH surpassing 5 meters. During 

TC Paddy, the waves attained a maximum 

significant height of 4 meters. Prior research 

indicated that greater ocean wave heights 

were produced by more intense TC (Sun et 

al., 2021; Akperov et al., 2024; Hegermiller 

and Thomson, 2025). Wind energy is 

transferred to the sea surface through friction; 

Young (1999) posits that wave energy is 

directly proportional to the square of wind 

speed. This implies that TCs exhibiting 

greater wind intensity generated higher SWH. 

Moreover, Zhang and Oey (2018) asserted 

that TCs with moderate translation speeds (3 

to 7 m/s) produced larger waves compared to 

those with excessively rapid or slow 

translation speeds. This also aligns with our 

findings, wherein TC Freddy, exhibiting a 

translation speed of 4.28 m/s, generated 

higher SWH. The inverse barometer effect 

suggested that low atmospheric pressure in 

the middle of a TC slightly raised the sea 

surface. This could have an indirect effect on 

wave dynamics, especially near the coast 

where wave setup and storm surge 

collaboratively elevated water levels and 

wave impact (Jullien et al., 2024). 

Figure 10 depicts the patterns of surface 

currents that occurred during the TC Paddy 

and Freddy occurrences. In comparison to 

TC Freddy, TC Paddy was responsible for 

producing surface currents that were more 

powerful. Even TC Paddy was capable of 

producing significant cyclonic eddy currents 

on the ocean's surface, which were less 

pronounced during the TC Freddy event. The 

results align with the Chl-a distribution 

pattern, wherein the cyclonic eddy signified a 

strong mixing process, leading to an 

augmentation of nutrients, which served as 

the primary sustenance for phytoplankton. 

Consequently, the concentration of Chl-a 

looked to be higher during TC Paddy. Ma et 

al. (2021) indicated that TCs capable of 

producing cyclonic eddy currents at the sea 

surface were characterized by slow 

translation speeds. This is consistent with our 

findings, which showed that TC Paddy's 

translation speed was comparatively slow at 

1.07 m/s. In addition, TC Paddy traversed the 

southern waters of Java in November, a 

period characterized by the frequent 

formation of eddy currents in the area with 

significant strength (Zu et al., 2022). 

According to Lin et al. (2025), TC-induced 

eddy currents were a result of the intricate 

process of energy transfer between kinetic 

and potential energy. 

 

 

 



200                                     Journal of the Earth and Space Physics, Vol. 51, No. 4, Winter 2026 

 

 

 

 

Figure 9. SWH patterns observed during TC Paddy in panels (a) to (f) and during TC Freddy in panels (g) to (l). 
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Figure 10. Similar to Figure 9, but for surface current. 

 

4. Conclusions 

TC Freddy traversed south of Java from 

February 8 to 11, 2023, exhibiting greater 

wind intensity compared to TC Paddy. 

Interestingly, TC Freddy, despite its 

stronger wind magnitude, resulted in a 

lesser increase in Chl-a. The increase in 

Chl-a concentration during the peak TC 

event was roughly 29%, yielding an 

average value of 0.093 mg/l. The 

difference in translation speed was 

explained as follows: TC Paddy travelled 

at 1.07 m/s, while TC Freddy reached a 

speed of 4.28 m/s. A slower translation 

speed prolonged the mixing duration in a 

body of water, resulting in a greater 

volume of water column ascending to the 

surface. In addition, November is the end 

of the upwelling season in southern Java, 

where Chl-a concentrations tend to be 

higher during that month. The water 

column ascended from the subsurface to 

the surface appeared to be cooler during 

the TC Freddy event. This was 

attributable to TC Paddy traversing 

southern Java in November 2021, 

coinciding with La Niña and negative 

IOD events, which contributed to the 

surrounding waters of Indonesia tending 

to be warmer. The correlation coefficient 

analysis further revealed an inverse 

relationship between wind speed and SST 

distribution, indicating that a more intense 

TC was associated with a decrease in SST 

m/s
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within its trajectory. 

We also found that TCs exert differential 

influences on waves and surface currents. 

TC Freddy, exhibiting greater intensity, 

resulted in a higher SWH. In contrast, the 

slow-moving TC Paddy generated eddy 

currents on the ocean surface with strong 

intensity. This phenomenon was not 

observed during the passage of TC Freddy 

through southern Java. This was probably 

the same mechanism responsible for the 

greater increase in Chl-a in TC Paddy, as 

the extended mixing duration in slow-

moving TCs provide adequate time for 

eddy currents to develop. Also, during the 

latter half of the year, eddy currents are 

more frequently generated in southern 

Java. 

TCs promote vertical mixing, elevating 

nutrients-dense deeper water to the 

surface, hence enhancing primary 

productivity for several days. TCs take 

thermal energy from the ocean surface, 

resulting in a decrease in sea surface 

temperature across southern Java. This 

can reduce ocean heat content and affect 

regional climate responses. The identical 

cyclone will generate higher surge levels 

due to rising sea levels. Probabilistic 

hazard modeling and sea-level rise 

projections are critical elements of long-

term preparedness. 
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