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Abstract. This study aimed to investigate the wind variability and spectral
analysis from wind data, specially focusing on Tomini Bay. We accessed
data from Copernicus at https://marine.copernicus.eu/. We collected wind
data in 2023 with longitude and latitude in the study area from 119° W to
130° E and 3° N to 2° S. The wind product includes hourly Level-4 sea
surface wind and stress fields, with a horizontal spatial resolution of 0.125
degrees. In the Tomini Bay, the factors that are responsible for these one-of-
a-kind spatial characteristics are the upwelling and downwelling conditions.
Coastal areas exhibit consistent positive or negative anomalies, probably
associated with upwelling and downwelling processes. Open-ocean areas
have significant patterns of anomalies, indicating large-scale meteorological
phenomena such as trade winds or monsoonal influences. The PSD graph
focuses on the variations in wind pressure anomalies in Tomini Bay
throughout 2023. Persistent oscillations around values close to zero suggest
that the anomalies originate from either the long-term average or climate
factors. The graph’s peaks and through signify periods of volatility in wind
pressure anomalies, either from seasonal variability, atmospheric dynamics,
or particular climatic variables affecting regional wind patterns.

1. Introduction

In the investigation of atmosphere-ocean interactions [1-4], wind variability is
particularly critical. Wind is a component of the weather that affects existence,
including the utilization of renewable energy sources [7, 8], as well as the ecosystem
as a whole [9]. Solar radiation, Earth’s rotation [10], and uneven heating pressure
gradients [11] interact to shape wind variability on a global scale. Surface roughness
[12] and terrain [11] are examples of regional and local scale factors that can affect
wind properties, leading to intricate and variable patterns of variability. This
dynamic system has the potential to substantially influence the formation of
monsoon and trade winds [13, 14], as well as the circulation of the atmosphere and
ocean currents [4, 6]. Recent study has enhanced understanding of the elements
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affecting wind variability in both temporal and spatial dimensions, highlighting the
influence of climate events [15] and anthropogenic [14, 16].

Current instruments and methods have developed rapidly, such as the use of
supercomputers [4, 17] in computing so that they will be able to predict wind
variability that has an impact on climate. With these instruments and technologies,
researchers can find out the causes of wind variability in region that has high
accuracy on a spatial and temporal scale [4-6].

The European Union initiated the Copernicus programme, which has become a
critical initiative for Earth observation, providing a comprehensive collection of
environmental data. Copernicus Atmosphere Monitoring Service (CAMS) and
Copernicus Climate Change Service (C3S) are exceptional sources of wind and
climate data, enabling researches to conduct highly precise studies of atmospheric
and oceanic dynamics. These data are instrumental in the advancement of
meteorology, oceanography, and energy applications, as well as the support of global
initiatives to comprehend and mitigate the effects of climate change [18-21].

Tomini Bay is one of Indonesia's major bays; the closing line between the two
mouths is more than 24 nautical miles long. The island of Sulawesi officially divides
Tomini Bay into three provinces: Gorontalo, North Sulawesi, and Central Sulawesi.
The Molucca Sea borders the exposed eastern edge of Tomini Bay [22, 23]. This
study aimed to investigate the wind variability and spectral analysis from wind data,
specially focusing on Tomini Bay.

2. Materials and Methods

We accessed data from Copernicus at https://marine.copernicus.eu/. We collected
wind data in 2023 with longitude and latitude in the study area from 119° W to 130°
E and 3° N to 2° S. The wind product includes hourly Level-4 sea surface wind and
stress fields, with a horizontal spatial resolution of 0.125 degrees. We compute
temporally-averaged difference fields [24] using scatterometer data from Metop-B
and Metop-C ASCAT and corresponding variables from the European Centre for
Medium-Range Weather Forecast (ECMWF) operational model. Copernicus’s
development and uses have made many important steps forward in coastal
oceanography by using sentinel improvements and land effluents for shores and
oceans. These changes have also made it easier for both old and new stakeholders to
use CMEMS-based products [4, 21]. In this study we used variables latitude,
longitude, air density, northward and eastward wind for u and v component,
respectively. Analysis of wind using scatterometer are active sensors in that they
transmit a microwave radar signal to the water surface and monitor the received
energy [25].
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Fig 1. Research Location

3. Results and Discussion

3.1. Wind Variability

The extent of the wind variance that can be seen in Tomini Bay is hown in Figure
2, which can be found over here. The months of May through August were usually
slow, and September to December were usually significant. However, the months of
January through April were very different from these patterns. According to the
findings of a spatial study, the primary portion of Tomini Bay was subjected to more
intense wind conditions during the whole year. Both the topographic and
oceanographic qualities have an impact on the development of spatial patterns that
are either strengthened or weakened.

In the Tomini Bay, the factors that are responsible for these one-of-a-kind spatial
characteristics are the upwelling and downwelling conditions. In Tomini Bay, the
nutrient mixing and sea surface temperature (SST) variability may be determined by
the effect of ocean circulation, such as the Indonesia Throughflow (ITF), which is
both affected and produced by the wind.
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Fig 2. Wind variability in the Tomini Bay Periods 2023

3.2.  Wind Stress Curl and Ekman Pumping Velocity

The monthly plots January to December (Fig. 3) exhibit distinct geographical and
temporal fluctuations in wind stress curl anomalies throughout the research area.
Positive anomalies (red hues) and negative anomalies (blue hues) alternate
throughout the year, indicating strong seasonal fluctuation. Significant positive
anomalies are noted in certain months, indicating heightened cyclonic activity or
circumstances conducive to upwelling at these times. In contrast, pronounced
negative anomalies, indicative of anticyclonic activity, prevail in other months. This
indicates that the atmospheric circulation in this area is influenced by both seasonal
dynamics and local wind patterns.

The geographical patterns indicate specific areas with significant abnormalities,
perhaps associated with topography and oceanographic characteristics such as coasts,
bathymetry, and ocean currents. Coastal areas exhibit consistent positive or negative
anomalies, probably associated with upwelling and downwelling processes. Open-
ocean areas have significant patterns of anomalies, indicating large-scale
meteorological phenomena such as trade winds or monsoonal influences.

Seasonal variations are evident, particularly in March, April, and October, when
anomaly patterns see significant alterations. Changes in large-scale atmospheric
circulation, such as the beginning or decrease of monsoons or variations in the
location of atmospheric pressure systems, may be a sign that the transition months
are now occurring. It is possible that prevailing summer wind regimes, which may
either exacerbate or attenuate wind stress curl anomalies, are responsible for the
persistence of some patterns during the summer months (for example, from June to
August).

The abnormalities in wind stress curl presumably significantly influence ocean-
atmosphere interactions in this area. Positive curl anomalies may augment upward
Ekman pumping, affecting thermocline dynamics and nutrient accessibility in the
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upper ocean. This affects biological productivity and regional climatic variability.
Negative curl anomalies indicate downward Ekman pumping, which inhibits vertical
nutrient transfer and influences surface ocean conditions. The identified anomalies
correspond with established atmospheric and oceanic processes, such monsoon
systems, ENSO effects, or regional circulation patterns. Further inquiry is required
to elucidate the factors behind these anomalies, especially their association with
large-scale climatic patterns.

Fig 3. Wind Stress Curl

The distribution of EPV during January to May (Fig. 4), Tomini Bay has negative
EPYV values reaching -15 to -5 m/s which indicates the direction of vertical velocity
is moving upwards. The results of EPV values show the same intensity and wind
speed during the 5 months. The peak of negative EPV occurred in May (transitional
season 1), where the EPV speed reached -15 m/s upwards. Negative EPV can cause
water masses to move towards the surface through ekman pumping. According to
Hori et al., [26] negative EPV can change sea surface conditions, because the results
of the study show an indication of upwelling when EPV is negative. In June to
August (east season), EPV begins to increase because in that season the wind speed
also increases from the previous season. Wind speed has an influence on ocean
dynamics, especially in the process of vertical movement of water masses [30]. EPV
is part of the vertical circulation of seawater that occurs due to the interaction
between the coriolis force and wind stress at the sea surface [30].

Entering the second transitional season (September - November), the intensity
of EPV is getting stronger and spreads throughout Tomini Bay, because the variation
of wind stress along Tomini Bay causes divergence or convergence of water masses,
thus triggering upwelling or downwelling [27]. Ekman pumping velocity is
influenced by higher wind speeds that tend to produce greater friction at the sea
surface. The friction can affect the pressure gradient, which in turn determines the
intensity of Ekman transport [28]. Strong and stable winds can cause Ekman
pumping velocities to tend to be higher, compared to low wind speeds because they



BIO Web of Conferences 216, 08007 (2026) https://doi.org/10.1051/bioconf/202621608007
SRCM 2025

only produce smaller pressure gradients, thus weakening Ekman pumping [29].
Research Berdandes et al., [29] shows that EPV with negative values in the Arafura
Sea indicates an upwelling phenomenon, but Ekman pumping is not only influenced
by wind stress, but is influenced by depth factors that also affect the value of EPV in
an area.
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Fig 4. Ekman Pumping Velocity

3.3. Spectral Analysis

Figure 5 displays the results of the spectrum analysis. The initial graphic (above)
illustrates the time series of the wind stress anomaly, recorded at coordinates (121°
N, 0°E) throughout the year 2023. The second figure (below) depicts the power
spectral density (PSD), which signifies the frequency domain attributes of a
wind stress anomaly.

The PSD graph focuses on the variations in wind pressure anomalies in Tomini
Bay throughout 2023. Persistent oscillations around values close to zero suggest that
the anomalies originate from either the long-term average or climate factors. The
graph’s peaks and through signify periods of volatility in wind pressure anomalies,
either from seasonal variability, atmospheric dynamics, or particular climatic
variables affecting regional wind patterns.

The PSD approach enables the identification of atmospheric phenomena such as
tropical cyclones or local winds through time series observations. The reason for this
is the high-frequency fluctuations that result from ocean-atmosphere interactions,
such as energy transfer in marine environments.
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Fig 5. Spectral analysis and power spectral analysis

4. Conclussion

The monsoon that blow across in the area have an effect on the wind variability
in the Tomini Bay. It is during the months of October and March that the transition
and western season take place. The PSD analysis of CMEMS wind data, using
coordinates 121° N, 0° E, indicated substantial variations in the data. Spectral
analysis is a technique used to detect anomaly in the data.
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