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Accurate estimation of air-sea fluxes is essential for advancing ocean modeling, observational studies, and understanding air-sea interactions. To address this need, the Indian National Centre for Ocean Information Services (INCOIS) developed and deployed a Flux Reference System (INCOIS-FRS) onboard ORV Sagar Nidhi. This article provides an overview of the system, its components, data acquisition methods, flux computation techniques, and preliminary results. The INCOIS-FRS integrates an Eddy Covariance Flux System (ECFS) and an Automated Weather Station (AWS). The ECFS collects high-frequency (20 Hz) data to directly estimate the latent heat flux (LHF), sensible heat flux (SHF), and momentum flux (τ) using the Eddy Covariance (EC) method. The AWS records meteorological and oceanic variables at 1 Hz, enabling flux estimates using the COARE 3.5 algorithm. A spectrally flat Class-A pyranometer and a pyrgeometer provide climate-grade measurements of downward shortwave and longwave radiation, which, combined with EC-derived SHF and LHF, yield the net heat flux. This article presents preliminary results inferred from data collected by INCOIS-FRS during a cruise in the Arabian Sea from 1–16 July 2023. Data from this system are useful for validating model outputs and satellite observations, refining flux parameterizations, marine boundary layer studies, and improving air-sea interaction models. INCOIS-FRS represents a first step toward equipping more oceanographic platforms, both crewed and uncrewed, with flux reference units. Future plans include expanding such deployments to enhance observational coverage and support research on air-sea fluxes across the Indian Ocean and other regions.
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1 Introduction

The exchange of momentum, heat, and gases at the air-sea interface is a fundamental process driving the coupled ocean-atmosphere system, with implications for weather, climate variability, and ocean circulation (Garbe et al., 2014; Cronin et al., 2019). Turbulence plays a critical role in mediating these exchanges, yet the complex and multi-scale nature of turbulent processes over the open ocean poses significant observational challenges. While controlled laboratory experiments provide valuable insights, direct measurements of turbulent fluxes in the marine environment are essential for accurately quantifying air-sea interactions and improving our understanding of ocean-atmosphere coupling (Fairall et al., 2003).

Air-sea flux measurements can be achieved using the eddy covariance (EC) method, which provides the most direct measure of turbulent heat and momentum fluxes (Edson et al., 1998). However, the availability of such direct flux measurements remains limited to a few locations, primarily on moored buoys, restricting their global coverage (Cronin et al., 2019). Consequently, air-sea fluxes are often estimated using bulk flux parameterizations, which, despite their utility, introduce significant uncertainties due to their non-linear nature. These uncertainties can result in imbalances in basin-scale heat flux estimates (Kato et al., 2013;  Valdivieso et al., 2017). Errors in air-sea flux forcing can profoundly impact ocean heat redistribution processes—such as convection, stratification, and large-scale circulation—compromising the detection and interpretation of climate change signals (Storto et al., 2018; Carton et al., 2018). Reducing these uncertainties remains a critical challenge for numerical ocean models, climate monitoring (Hakuba et al., 2024), and operational forecasting (Martin et al., 2007; Storto et al., 2019).

Global initiatives like the Global Tropical Moored Buoy Array (GTMBA) have transformed the availability of in-situ ocean-atmosphere observations in tropical regions (McPhaden et al., 2010, 2023). This multinational program began with the TAO/TRITON array in the Pacific, which currently maintains 67 moorings (McPhaden et al., 1998). PIRATA, launched in the Atlantic in the mid-1990s, now includes 19 moorings (Bourlès et al., 2008), while RAMA, established in the Indian Ocean to study the Asian monsoon variability, operates 29 moorings (McPhaden et al., 2009). These arrays provide real-time data that have significantly advanced our understanding of climate variability, ocean dynamics, and forecasting capabilities. However, since much of the GTMBA data is assimilated into reanalysis products, its value as an independent validation dataset is limited. To address the need for unassimilated reference data, the OceanSITES network was established (Send et al., 2010), providing high-quality in situ datasets that serve as essential benchmarks for validating air-sea fluxes.

Though the data from GTMBA and OceanSITES networks have improved the flux accuracy, process-specific observations are still essential to refine flux parameterizations under varied atmospheric and oceanic conditions. Extensive EC data collection efforts in the West Pacific, Atlantic, and extratropical regions have contributed to significant advancements in air-sea flux algorithms. For example, the widely used COARE bulk flux models (versions 2.5, 3 and 3.5) were developed based on these datasets. More recently, the South China Sea has emerged as an important region for such observations, yielding new insights into the role of marine atmospheric boundary layer stability, mean winds, and sea state on flux exchanges (Chen et al., 2019, 2020). Despite these advances, there is still a lack of consensus regarding the relative importance of these factors. Some studies emphasize the dominant role of atmospheric stability and mean surface winds (Fairall et al., 1996, 2003; Edson et al., 2013; Santini et al., 2020), while others highlight the influence of sea state, particularly under low or very high wind conditions (Oost et al., 2002; Drennan et al., 2003; Pezzi et al., 2016; Hackerott et al., 2018; Sauvage et al., 2023; Raj et al., 2024).

In the Indian Ocean, fundamental studies on air-sea flux parameterizations remain limited due to the scarcity fine-scale EC flux measurements. Early efforts to collect EC data were undertaken during the Bay of Bengal Monsoon Experiment (BOBMEX) in 1999, which recorded 10-Hz flux measurements during the summer monsoon (Bhat, 2003). This was followed by the Ocean Mixing and Monsoon (OMM) program initiated by the Ministry of Earth Sciences (MoES, Government of India), which collected 16 months of EC data in the Bay of Bengal (Raj et al., 2024), marking a significant step toward advancing air-sea flux research in the region. However, these efforts were geographically limited, focusing primarily on measurements in the Bay of Bengal, and lacked broader spatial coverage.

To overcome these limitations in data collection, the Indian National Centre for Ocean Information Services (INCOIS) developed and installed a Flux Reference System (INCOIS-FRS) onboard the ORV Sagar Nidhi. The INCOIS-FRS comprises an Eddy Covariance Flux System (ECFS) and an Automated Weather Station (AWS) mounted on a bow mast, enabling the continuous collection of high-quality flux observations along the ship’s route. This system represents a significant step in addressing the need for high-accuracy, process-specific flux measurements in the Indian Ocean.

This article describes the INCOIS-FRS and its components, detailing the system design, data processing algorithms, and some preliminary results. Section 2 describes the system, while Section 3 outlines the data processing methodology. Initial findings from the flux observations collected during the summer monsoon of 2023 in the Arabian Sea are presented in Section 4. Finally, Section 5 summarizes the key points and highlights the importance of this system for advancing air-sea flux research in the Indian Ocean.




2 Flux reference system

The FRS installed onboard ORV Sagar Nidhi consists of two components: the Eddy Covariance Flux System and an AWS. Figure 1 shows the distance view illustration of the ORV Sagar Nidhi bow mast and the instruments on top. Detailed descriptions of these systems are provided below.




Figure 1 | Illustration of ORV-Sagar Nidhi featuring bow mast with INCOIS-FRS instruments.





2.1 Eddy covariance flux system

The Eddy Covariance Flux System (ECFS) measures horizontal and vertical wind components in ship-based coordinates using a 3-axis Gill R3–50 sonic anemometer. Additionally, the sonic anemometer records the speed of sound to calculate the sonic temperature, which is equivalent to the virtual temperature. The Licor LI7500-RS Infrared Gas Analyzer (IRGA) records gas concentrations for scalar flux measurements. The system also includes the Inertial Motion Unit (IMU) – Microstrain 3DM-GX5-35, which tracks 3-axis platform motion through linear accelerometers, angular rate sensors, and a magnetometer.

The ECFS sensors are mounted on the bow mast at a height of 15 m above the mean sea level. The IRGA and sonic anemometer are fixed to a horizontal bar structure aligned with the ship’s bow. A horizontal separation of 30 cm is maintained between the IRGA and the sonic anemometer to ensure accurate flux measurements. This separation optimizes the covariance between scalar concentrations and vertical wind fluctuations while avoiding airflow disruptions caused by sensor proximity. The sonic anemometer is oriented with its ‘system north’ aligned with the ship’s bow and follows a righthanded (x, y, z) coordinate system with x positive forward (to bow), y positive to port, z positive upward. It enables measurements to be initially referenced in ship-based coordinates and later converted to earth-referenced coordinates during post-processing. The IMU, mounted directly beneath the sonic anemometer, provides ship motion information necessary for correcting sonic wind components. All ECFS data are collected at a sampling rate of 20 Hz and stored in 20-minute discrete files in a Campbell Scientific CR1000X data logger. The detailed list of variables recorded by the ECFS is provided in Table 1.


Table 1 | Sensor model details and the measured quantities of INCOIS-FRS.






2.2 The automated weather station

The AWS consists of five sensors integrated into the Gill MaxiMet600 compact weather station. It measures wind speed, wind direction, air temperature, relative humidity, and barometric pressure. With GPS integration, the station provides corrected wind speed and direction relative to ship movement. Additionally, hourly cumulative rainfall is measured using a Young 50202 precipitation gauge. With no moving parts, this gauge is particularly well-suited for shipboard precipitation measurements.

Unlike most shipboard AWS setups, the INCOIS-FRS also incorporates an Apogee SI-111-SS infrared radiometer to measure the skin sea surface temperature ( ). The radiometer is mounted on the bow railing at a height of 10 m above the sea surface and angled 22° downward. This configuration allows the radiometer to have a 67 m2 field of view (FOV) over the sea surface. For radiation measurements, the system uses Hukseflux’s spectrally flat Class-A pyranometer SR30-M2-D1–55 and IR20-T1–5 pyrgeometer to capture shortwave and longwave radiation respectively. The spectrally flat, Class-A type pyranometers measure the highest accuracy, climate-scale accuracy shortwave radiation measurements.




2.3 Turbulent air-sea fluxes calculation methods

Three commonly used methods for estimating air-sea fluxes are the Eddy Covariance (EC) method, the Inertial Dissipation Method (IDM), and the bulk method. Each approach has its own advantages and limitations, as detailed below.



2.3.1 Eddy covariance

The EC method is the most direct way of estimating turbulent fluxes, and it computes them as the covariance between vertical fluctuations of velocity and scalar quantity of interest (Edson et al., 1998). Turbulent fluxes from EC method are written as

 

 

 

where Equations 1–3 represent momentum flux (τ), sensible heat flux (H), and latent heat fluxes (E). Here ρ is the density of air,   is the specific heat of air at constant pressure,   is the latent heat of evaporation of water, and   and   denote fluctuations in potential temperature and specific humidity, respectively. More details about the EC calculation followed for INCOIS-FRS are described in section 3.




2.3.2 Inertial dissipation method

The IDM follows the Taylor hypothesis as turbulence is considered frozen when it moves past the sensor and the dissipation rate of Turbulent Kinetic Energy (TKE) can be derived from the power spectral density of downstream wind components (Pond et al., 1971; Hicks and Dyer, 1972; Edson et al., 1991). This method has been used extensively to estimate fluxes over various scenarios using data from buoys, ships, and aircraft (Pond et al., 1971; Large and Pond, 1981). The normalized TKE equation during stationary and horizontally homogeneous conditions can be written as

 

Where  ,   is the flux of virtual potential temperature,   is a reference temperature in the surface layer,   is the von Karman constant (0.4),   the acceleration due to gravity,   is the height of the measurements, and   is the Obukhov length. Term (P) corresponds to the normalized mechanical production of TKE from the mean flow, (B) is the normalized buoyant production or loss term, Tt and Tp are the normalized turbulence and pressure transport terms, respectively, and (D) is the normalized molecular dissipation of TKE.

Under the classical IDM method, the transport terms are neglected, either they are very small, or they tend to cancel each other, and the TKE budget assumes a balance to total production of TKE with dissipation (Champagne et al., 1977; McBean and Elliott, 1975). Under these assumptions, neglecting the transport terms, Equation 4 can be written as;

 

Here,   corresponds to the normalized mechanical production of TKE from the mean flow.   is the normalized buoyant production term, which is a gain (loss) term for unstable (stable) conditions and is the same as the Monin-Obukhov stability parameter ( ).   is the normalized molecular dissipation term and will always exist when TKE is nonzero.

The dissipation rate (  can be determined from the spectral measurements within the inertial subrange of velocity spectra by assuming Kolmogorov similarity and applying Taylor’s hypothesis (Anderson, 1993)

 

where   is the Kolmogorov constant ( ),   is the frequency (in Hz) range,   is the relative wind vector from the moving ship. Values of   and frequency   that corresponds to the inertial subrange was extracted from the log-log fit where the slope was approximately   to estimate  . The wind power spectra for a sample 20 minutes from our data, along with the identified inertial subrange, is plotted in Figure 2. Spectra that did not fulfil the above requirements have been rejected.




Figure 2 | Power spectral density (PSD) of wind speed fluctuations as a function of frequency (f) from a 20-minute data sample. The shaded region highlights the identified inertial subrange, where the PSD aligns with the theoretical f−5/3 slope, depicted by the solid line.



The assumption of no transport terms in the TKE budget equation (Equation 5) introduces some errors when applied over marine conditions. Consequently, the dissipation rate derived using Equation 6 may be biased if transport terms are not negligible, and this can lead to errors in flux estimation, particularly in non-stationary or rapidly evolving boundary layers.




2.3.3 Bulk methods

The bulk aerodynamical method is the most widely used flux estimation technique in studying the ocean-atmosphere flux transfer. This method uses mean meteorological parameters such as wind speed, air temperature, humidity, and sea surface temperature to indirectly estimate fluxes (Fairall et al., 1996, 2003; Edson et al., 2013) without the need to measure high-frequency turbulence parameters.

The turbulent fluxes of momentum ( ), sensible heat ( ), and latent heat ( ) are parameterized in bulk methods using the Monin‐Obukhov similarity theory (MOST) as

 

 

 

Where U is the mean wind speed and  ,   and   the bulk transfer coeficients for stress, sensible heat and latent heat.   is the temperature at reference height while   gives temperature at sea surface.   is the specific humidity at reference height and   gives saturation specific humidity at the sea surface. In this study, COARE v3.5 algorithm (Edson et al., 2013) wind-speed-dependent formulation is used to estimate turbulent fluxes of heat and momentum (Equations 7–9).






3 EC flux processing algorithm

Accurately calculating wind velocities using the EC method from a moving platform is challenging because the observed wind fluctuations are influenced by platform motion rather than reflecting the true wind. These motion-induced effects come from three main sources: 1) Anemometer tilt: Variations in the platform’s pitch, roll, and heading cause the anemometer to tilt, distorting measurements. 2) Rotational motion: The platform’s rotation about its local axes introduces angular velocity at the anemometer and 3) Translational motion: Linear movements of the platform relative to a fixed reference frame further distort the observed wind velocities. Correcting for this motion-induced contamination is essential for accurate flux calculations. These issues have been extensively documented in earlier studies (e.g., Fujitani, 1981; Anctil et al., 1994; Edson et al., 1998; Miller et al., 2008). Building on the framework from Edson et al. (1998), we calculate the true wind vector, free from motion contamination, in the fixed Earth reference frame as follows:

 

where,   represents the true wind velocity in the reference coordinates and   is the observed wind vector in the ship’s moving frame. Here, the coordinate transformation matrix   is used to rotate ship coordinates to the reference coordinates. Angular velocity of ship coordinates is denoted as   and   is the position vector of the wind sensor with respect to the IMU. The final term,   accounts for the translational velocity vector at the center of motion of the ship with respect to reference coordinates. The orientation of the sonic anemometer in the fixed frame is defined using three rotational angles obtained from IMU: yaw ( ), pitch ( ), and roll ( ).   represents the rotation about the Z-axis and is positive in the counterclockwise direction.   corresponds to the rotation about the intermediate Y-axis and is positive when the ship bow tilts downward.   describes the rotation about the intermediate X-axis and is positive when the port side of the instrument tilts upward. We define coordinate transformation matrix   using these angles as

 

Equation 11 represents the transformation of the coordinate matrix resulting from the combination of three rotations applied to the ship-based coordinate frame. These rotations occur around the three axes of our reference frame (Earth). The rotation order follows a 321 sequence (ZYX axes) following Edson et al. (1998), effectively reducing errors related to the rotation order. The IMU is mounted underneath the sonic anemometer and measures angular rotation about the 3-axis in the ship-based frame. This vector is rotated to fixed frame using   as

 

Combining Equations 10 and 12 allows us to rewrite Equation 10 as

 

This motion correction approach ensures that the observed winds are adjusted for platform motion, allowing for precise determination of the true wind velocities in the fixed reference frame. Euler angles are estimated by integrating the rate of change of Euler angles in fixed frame obtained from Equation 13 given by

 

To avoid errors arising from drift in angular sensors, a complementary filtering approach is followed. The angles obtained by applying a high-pass filter to the angles derived from integrating Equation 14 is added with the initial Euler matrix which is approximated using the slow roll, pitch, and yaw angles obtained from the linear accelerometers. A detailed explanation of this method can be found in Edson et al. (1998) and the workflow chart is given by Figure 3.




Figure 3 | Flowchart with ECFS-FRS workflow, detailing each step of the data processing procedure.






4 Preliminary results

This section presents preliminary results inferred from data collected over the Arabian Sea from July 1 to July 16, 2023, when the relative angle between wind and ship heading was minimal. Figure 4 shows the ship track and wind vectors from measurements onboard. The thick line along the ship track is when the mean relative wind direction was limited to   from the bow. The mean wind vectors from ERA-5 reanalysis data product during the cruise period are also included as grey arrows.




Figure 4 | Cruise track of ORV Sagar Nidhi with wind vector recorded by ECFS-FRS, with regions where the ship headed into the wind highlighted by thick grey lines. The vectors (grey) in the map shows mean wind vectors from ERA5 reanalysis data during observation period.





4.1 Met-ocean weather conditions during July 2023

The AWS time-series observations in Figure 5 provide insights into the met-ocean weather conditions that prevailed during the cruise period. Initially, from the start of the cruise until July 7, wind speeds ranged between 10–15 m/s (Figure 5a). This period was characterized by frequent episodes of rain (Figure 5f) and a notable decrease in both SSTskin (Figure 5d) and near-surface air temperature (Figure 5e). Concurrently, relative humidity remained consistently high, fluctuating between 80-90% throughout the entire duration (Figure 5c). The persistent cloud cover obstructed the incoming shortwave radiation, and also increased the reflected downwelling longwave radiation. The wind direction remained predominantly easterly during this period. Between July 7 and 9, ORV Sagar Nidhi traversed through a strong SST front, witnessing a remarkable 3°C jump in SSTskin from 25.5°C to 28.5°C. In the rest of the period, SSTskin and air temperatures remained above 28°C, and rainfall became sporadic. Clear skies prevailed, facilitating increased incoming shortwave radiation, and surface winds ranged between 8–10 m/s.




4.2 Friction velocity comparison between EC, IDM and bulk

In this section, we compare the friction velocity ( ) timeseries instead of wind stress as   directly represents momentum transfer and is a common parameter across all flux estimation methods, making it ideal for consistent comparison. Also, unlike wind stress,   is independent of air density variations and avoids additional uncertainties introduced by assumptions like drag coefficients. We estimated   using three widely recognized methods described in Section 2.3: the Eddy Covariance (EC) method, the Inertial Dissipation Method (IDM), and the Bulk Method (BK). Each method has distinct advantages and limitations, requiring careful consideration of their applicability and constraints.




Figure 5 | Time series of met-ocean parameters recorded by INCOIS-FRS, including (a) wind speed, (b) wind direction, (c) relative humidity (RH), (d) skin sea surface temperature (SST), (e) air temperature, (f) precipitation, (g) shortwave radiation (SWR), and (h) longwave radiation (LWR).



The time series of   from these methods is presented in Figure 6. Generally, the bulk-derived   values underestimated those from the EC method. On a daily scale, the bulk and EC estimates showed a correlation of 0.51 with an RMS error of 0.11. During the analysis period, stable boundary layer conditions (z/L>0) prevailed from July 2 to July 4, transitioning to unstable conditions (z/L<0) from July 4 onward. Under unstable conditions, the bulk method significantly underestimated   compared to EC values, highlighting the need to revisit flux-profile parameterizations for stable and unstable conditions specific to the Arabian Sea.




Figure 6 | (a) Friction velocity (U*) comparison from EC, IDM and BK, (b) Sensible and (c) Latent Heat flux from EC and BK.



Conversely, the IDM-derived  consistently overestimated EC values. The IDM estimates wind stress transferred from the atmosphere to the ocean. However, during swell-dominated conditions, reverse stress transfer from swells to the atmosphere reduces the net stress imparted by wind on the sea. Chen et al. (2020) demonstrated that the influence of swells on wind stress can be felt as high as 17 m above the sea surface, indicating that our observational records also might as well capture the impact of swells. While the EC method captures this bidirectional stress interaction, IDM does not, leading to a positive bias in IDM-derived  . This bias is often addressed by including an imbalance term in the TKE budget equation. For example, Bourras et al. (2019) suggested an optimal imbalance term of 0.4, while Cambra (2015) proposed 0.5. However, a region-specific value for the Arabian Sea needs to be determined to improve the accuracy of IDM-derived   under swell-dominated conditions.




4.3 Sensible and latent heat flux comparison between EC and bulk

Studies have shown that wind stress comparisons between EC and IDM methods agree within 20%, while large uncertainty exists between their LHF and SHF estimations (Fairall et al., 1990; Edson et al., 1991). In order to check it, this section presents the time series of bulk versus EC LHF and SHF, respectively (Figures 6b, c). At daily timescales, the LHF comparison yields a correlation coefficient of 0.8 and an RMS error of 45 W/m², while SHF shows r = 0.63 and an RMS error of 4.2 W/m², indicating a reasonably good agreement between the bulk and EC methods. However, bulk-derived LHF and SHF consistently underestimate their EC counterparts, with mean biases of -26 W/m² for LHF and -3 W/m² for SHF, resulting in large rms errors, highlighting systematic discrepancies in the bulk estimates.

These discrepancies arise from several factors, which need to be further analyzed. Simplified parameterizations in bulk algorithms can inadequately represent complex surface-layer physics. Stability effects can lead to significant deviations from true flux values, particularly during unstable conditions (Srivastava and Sharan, 2021). Additionally, swell-induced modifications of the roughness layer can alter surface dynamics, introducing further uncertainties (Raj et al., 2024). Errors in converting bulk SST to skin SST also contribute to inaccuracies, as bulk SST fails to account for critical surface-layer processes like the cool-skin effect and diurnal warming (Murray et al., 2000; Alappattu et al., 2017). These combined factors distort the air-sea temperature gradient, a key driver of both evaporation and heat transfer, leading to systematic underestimations in bulk-derived LHF and SHF.

The integration of a skin SST-measuring radiometer into the INCOIS-FRS onboard ORV Sagar Nidhi marks a major step forward in addressing these challenges.   offers a precise representation of the ocean’s surface temperature, accurately capturing processes such as nighttime cooling by the cool-skin layer and daytime diurnal warming. By using this data, bulk flux estimates can be refined to better reflect true air-sea flux dynamics. With sufficient data collected by INCOIS-FRS, future efforts should thoroughly verify and refine bulk-to-skin SST conversion algorithms, ensuring enhanced reliability in both LHF and SHF estimates.

With sufficient data collection over time, this system has the potential to play a pivotal role in refining bulk-to-skin SST algorithms. Future efforts should focus on thoroughly verifying these algorithms using the high-resolution skin SST data from INCOIS-FRS, paving way for more accurate parameterizations of bulk heat flux. This development is particularly important for regions like the Arabian Sea, where significant diurnal and seasonal variations in surface thermal structure exist.





5 Concluding remarks

This article introduces the INCOIS Flux Reference System (INCOIS-FRS), developed and installed aboard the ORV Sagar Nidhi by the Indian National Centre for Ocean Information Services (INCOIS). The INCOIS-FRS is an integrated system designed to precisely measure air-sea fluxes along the ship’s track. It comprises two key components: the Eddy Covariance Flux System (ECFS) and the Automated Weather Station (AWS). The ECFS, equipped with a 3-axis sonic anemometer, an infrared gas analyzer (IRGA), and an inertial motion unit (IMU), captures critical parameters such as wind components, temperature, gas concentrations, and platform motion, providing high-frequency data (20 Hz) to estimate momentum, heat, and gas fluxes. Complementing this, the AWS records mean meteorological variables at 1Hz, including wind speed and direction, air temperature, relative humidity, barometric pressure, and precipitation. It also includes an infrared radiometer for skin sea surface temperature ( ) measurements, providing a comprehensive set of data for detailed flux analysis.

This paper details the EC data processing steps for post-processing INCOIS-FRS data and presents preliminary results from the Arabian Sea during the summer monsoon of 2023. Despite the limited dataset, the findings underscore the potential of INCOIS-FRS for fine-scale micrometeorological studies and advancing our understanding of air-sea interactions and flux transfer processes. Initial analysis reveals significant discrepancies between bulk flux parameterizations of latent and sensible heat fluxes and the reference fluxes obtained using the Eddy Covariance (EC) method. Additionally, friction velocity estimates from the Inertial Dissipation Method (IDM) show notable deviations from EC measurements. These results highlight the critical need for validating bulk flux parameterizations using Indian Ocean-specific datasets.

Existing flux transfer parameterizations require significant refinement, particularly in accounting for Indian Ocean conditions. Previous studies have shown that wind and stress vectors often misalign, challenging the assumptions of Monin-Obukhov Similarity Theory (MOST) and leading to deviations in wind stress magnitude and direction (Raj et al., 2024). The INCOIS-FRS offers an ideal platform to explore such misalignments and refine transfer coefficient calculations. Another crucial consideration is the conversion of bulk SST to skin SST in bulk flux algorithms like COARE. Studies like Liu et al. (2023) emphasize the need to integrate boundary-layer processes to simulate accurately   under varying wind and atmospheric stability conditions. INCOIS-FRS provides an excellent platform to test these models.

The INCOIS-FRS represents a major step forward in collecting fine-scale, direct flux measurement data from the marine environment around the Indian Ocean. Its deployment marks the beginning of other broader efforts to equip more crewed and uncrewed platforms with similar systems. With continued data collection and advancements in observational platforms, INCOIS-FRS will play a critical role in enhancing the accuracy of air-sea flux estimates and enabling improvements in climate and oceanic models, ultimately contributing to a deeper understanding of the coupled ocean-atmosphere system.
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