

  remotesensing-16-01340




remotesensing-16-01340







Remote Sens. 2024, 16(8), 1340; doi:10.3390/rs16081340




Article



Ocean Variability in the Costa Rica Thermal Dome Region from 2012 to 2021



Wei Shi 1,2,* and Menghua Wang 1





1



National Oceanic and Atmospheric Administration, National Environmental Satellite, Data, and Information Service, Center for Satellite Applications and Research, College Park, MD 20740, USA






2



Cooperative Institute for Research in the Atmosphere, Colorado State University, Fort Collins, CO 80523, USA









*



Correspondence: wei.1.shi@noaa.gov







Citation: Shi, W.; Wang, M. Ocean Variability in the Costa Rica Thermal Dome Region from 2012 to 2021. Remote Sens. 2024, 16, 1340. https://doi.org/10.3390/rs16081340



Academic Editors: Matteo Postacchini, Giovanni Ludeno, Giacomo De Carolis, Gianfranco Fornaro, Virginia Zamparelli, Sedat Gündoğdu and Ali Rıza Kosker



Received: 8 March 2024 / Revised: 3 April 2024 / Accepted: 8 April 2024 / Published: 11 April 2024



Abstract

:

Satellite ocean color and sea surface temperature (SST) observations from 2012 to 2021 and sea surface salinity (SSS) measurements from the Soil Moisture Active Passive (SMAP) mission from 2015 to 2021 are used to characterize and quantify the seasonal and interannual variability in the physical, optical, and biological sea surface features in the Costa Rica Thermal Dome (CRTD) region. High-resolution climatology and the seasonal variability in SST, SSS, and ocean color properties are produced. Chlorophyll-a (Chl-a) concentration, SST, and SSS show these three properties are linked with similar spatial patterns and seasonal variations, i.e., elevated Chl-a concentrations, match the depressed SST and increased SSS and vice versa. This reflects that the physical driving force is the same for these three ocean properties and implies that nutrient supply associated with the physical processes is the major driver for the seasonal biological variability. The interannual changes in Chl-a, SST, and SSS also show that these three ocean properties are consistent among themselves. The positive (negative) Chl-a anomaly generally occurs with negative (positive) SST anomaly and enhanced (reduced) SSS. The in situ measurements evidently show that the subsurface ocean dynamics in the upper 100 m controls the sea surface variability for Chl-a, SST, and SSS. We report that no significant enhancement of Chl-a is observed in the CRTD region during the central Pacific (CP)-type 2020–2021 La Niña event, while Chl-a changes are significant in the other three of four ENSO events between 2012 and 2021. Furthermore, the difference in Chl-a variability driven by the CP-type ENSO and eastern Pacific (EP)-type ENSO is further discussed.
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1. Introduction


Located in the eastern tropical Pacific off the coast of Costa Rica, the Costa Rica Thermal Dome (CRTD) (Figure 1) [1,2] has a feature of the dome-like shoaling isotherm with a diameter varying from a couple of hundred km to ~1000 km. The CRTD is not only a region driven by a variety of the ocean and atmospheric processes but also a complex marine ecosystem with high nutrient concentration and ocean productivity, complicated chemical and biological processes, and significant biodiversity [3,4]. The environmental, economic, and societal importance of the CRTD to the nearby central American countries is also enormous.



The main physical driving force for the CRTD is the interaction of the trade winds with the three major currents in the eastern equatorial Pacific, i.e., the North Equatorial Countercurrent (NECC) [5,6,7], Costa Rica Coastal Current (CCCR) [8], and North Equatorial Current (NEC) [8,9]. Like most low-latitude domes, the CRTD is associated with the cyclonic turning of predominantly zonal tropical surface currents, i.e., NECC, CCCR, and NEC, as a geostrophic balance. The wind stress curl associated with the Intertropical Convergence Zone (ITCZ) plays an important role in generating the CRTD [10]. The seasonal change in the CRTD is the response of the eastern tropical Pacific to meridional migration of the ITCZ. It grows rapidly in late spring and matures in summer and early fall in accordance with the northward migration of the ITCZ. The CRTD is eroded in winter and early spring by the westward-propagating warm anticyclones [11]. The annual cycle of the CRTD can be represented in four stages after analyzing the wind forcing, surface current, and structure and seasonal evolution of the dome [3].



The upwelling associated with the CRTD provides the nutrients from the deep-layer waters to the euphotic zone, and the dome in the open ocean supports high concentrations of chlorophyll-a (Chl-a) via the nutrient supply with upwelling [12]. The distribution of the nutrients and oxygen in the CRTD are mainly determined by the localized upwelling of nutrient-rich, oxygen-poor water from a depth of 65 m or deeper [13]. At a location of [8°35′N, 88°00′W], the nitrate concentration is usually ~6 μg/L at the surface and increases to ~29 μg/L at a 50 m depth. A similar profile is also found with the phosphate concentration.



The high concentrations of the nutrients lead to the growth of phytoplankton and high ocean productivity in the CRTD region and endow the region with a moderately high Chl-a concentration [14,15]. In fact, Chl-a in the CRTD region follows the cycle of the dome. The variability in the thermocline depth is strongly connected to the seasonal variability in surface Chl-a, and the surface Chl-a is also significantly affected by the El Niño Southern Oscillation (ENSO) variability [16] and Pacific Decadal Oscillation (PDO) [17]. On the other hand, nitrates are not depleted in the surface layer [15]. This may be attributed to various factors such as the low iron availability [15,17,18] and the balance of the production and the zooplankton grazing [19,20].



The complex physical dynamics, high nutrients, and high primary productivity nourish the CRTD to become one of the regions with the highest ecosystem biodiversity [4]. Indeed, zooplankton biomass is usually higher than that in the other equatorial upwelling regions [21]. The seasonal and spatial patterns of the zooplankton abundance follow the patterns of Chl-a and nutrients [3,22]. The Costa Rica cyclonic circulation surrounding the Costa Rica Dome is a hydrodynamic trap for the larvae of nearshore fish [23]. Indeed, fish in deep and intermediate depth waters such as dragonfish and lampfish are abundant in the CRTD. In fact, the CRTD and nearby regions are some of the largest tuna catch areas in the world [24]. The high biological productivity in the CRTD is the major reason for the high-density patches of the yellow tuna [25].



Satellite remote sensing has been used in a variety of studies in the CRTD region [3,14,16]. However, there is no synthetic study using satellite products, i.e., Chl-a, SST, and SSS, to address the ocean features in the CRTD region. In this study, satellite ocean color measurements (2012–2021) from the Visible Infrared Imaging Radiometer Suite (VIIRS) onboard the Suomi National Polar-Orbiting Partnership (SNPP), SST from the NCEP Global Ocean Data Assimilation System (GODAS) [26,27] corresponding to the same VIIRS observation period, and SSS measurements from the Soil Moisture Active Passive (SMAP) mission [28] since April 2015 are used to characterize and quantify the physical, optical, and biological properties and their variability. The linkage of the ocean physical and biological processes is also explored. In particular, the ENSO impact on these ocean property features in the CRTD during this period is further assessed and discussed.




2. Data and Methods


The hydrography of CRTD can be represented using the shoaling thermocline depths. The climatology of the 20° isothermal depth in the eastern tropical Pacific (Figure 2a) shows that the core of the CRTD region stretches from 93°W to 87°W in longitude and 7°N to 11°N in latitude with the top of the dome at ~20 m located at about [89°W, 9°N]. Note that the climatology data are for the normal condition from multi-year average data. The low SST in the CRTD follows a similar pattern to the 20° isothermal depth, even though its core shifts a little bit to the north (Figure 2b). SST in the core CRTD is normally >1 °C lower than that in the neighboring region. The existence of the CRTD in the eastern tropical Pacific also results in enhanced SSS (Figure 2c). The pattern of the enhanced SSS is similar to that of the lower SST in Figure 2b. The climatology nitrate concentration at the sea surface also shows that it is enhanced in the CRTD region, even though the spatial pattern is different from the SST or SSS (Figure 2d). Note that the hydrography of the CRTD region is built on the historical in situ measurements which might be scarce in this region. Thus, it becomes necessary to use the most recent satellite measurements with much higher spatial and temporal resolutions in the CRTD region to characterize and quantify the variability in the physical, optical, and biological properties and their variability and assess the ocean physical and biological processes that drive these changes in the region.



2.1. VIIRS Satellite Ocean Color Products


As a continuation mission for the Moderate Resolution Imaging Spectroradiometer (MODIS) onboard the Terra and Aqua satellites [29,30] to provide the satellite ocean color products for the global ocean, VIIRS-SNPP [31] has been providing high-quality satellite ocean products including normalized water-leaving radiance spectra nLw(λ) from the blue to the near-infrared (NIR) bands [32]. The VIIRS ocean color data have been routinely derived using the Multi-Sensor Level-1 to Level-2 (MSL12) ocean color data processing system [32]. The nLw(λ) spectra are derived from the satellite measured top-of-atmosphere (TOA) radiance after removing the Rayleigh (air molecules) and aerosol contributions using an NIR-based atmospheric correction scheme for the open ocean [33] and shortwave infrared (SWIR) atmospheric correction [34,35] for the coastal and inland waters. To produce high-quality global satellite ocean color products consistent with those from the previous satellite sensors such as the Sea-viewing Wide Field-of-view Sensor (SeaWiFS) and MODIS [36,37], the on-orbit vicarious calibration has been carried out for VIIRS using the in situ nLw(λ) measurements from the Marine Optical Buoy (MOBY) [38,39]. As the fundamental products in satellite ocean color remote sensing, high-quality nLw(λ) spectra from VIRS-SNPP have been achieved for both the global open ocean and coastal/inland waters [40,41,42].



The VIIRS-SNPP Chl-a product is produced from the satellite measured nLw(λ). For oligotrophic waters, Chl-a is computed with a color index (CI)-based algorithm [43,44]. The blue-green nLw(λ) ratio algorithm [45,46] is used to compute Chl-a values for the other regions. These two algorithms are then merged as the ocean color index (OCI) algorithm to generate Chl-a products for the global open ocean and coastal/inland waters [44]. In this study, the VIIRS-SNPP-derived monthly nLw(λ) spectra and Chl-a are used to study the seasonal climatology and interannual variability in the ocean optical and biological features in the CRTD region. The ENSO impact on the biological activities in the region is also evaluated with VIIRS-SNPP measurements.




2.2. SST and SSS Data


As the most important physical property for oceans, SST data corresponding to the VIIRS observation period in this study are the output of the NCEP Global Ocean Data Assimilation System (GODAS) [26,27]. GODAS is a real-time ocean analysis and a reanalysis. The SST data have a spatial resolution of 1/3 × 1/3 degrees. Evaluation results show that the output of the GODAS matched well with in situ ocean observations [47,48].



There has been no previous study characterizing and quantifying SSS variability with satellite remote sensing in the CRTD region. Most of our knowledge about SSS is from various in situ measurements and the climatology data, as shown in Figure 2c. The SMAP mission [28] is to measure the amount of water in the surface soil everywhere on Earth. It also provides SSS observations from its radar and radiometers based on the L-band microwave sensitivity to water salinity [49,50]. The spatial resolution of SMAP is 25 km on the swath grid and 0.25° × 0.25° for L3 data. The accuracy of the SMAP SSS is better than 0.2 psu in comparison to the objectively interpolated (OI) gridded monthly Argo datasets in the tropics [51]. In this study, the SMAP SSS data in the CRTD region starting from April 2015 are used to characterize and quantify the seasonal and interannual features of SSS. Both SST and SSS are analyzed together with the satellite ocean color data to provide a comprehensive view and understanding of the physical, optical, biological, and biogeochemical processes in the CRTD region.




2.3. In Situ Data


Even though satellite remote sensing can provide a broad assessment of the sea surface features related to the CRTD, it is difficult to further assess the ocean processes that drive the sea surface property without the in situ ocean profile measurements such as the temperature and salinity profiles. As the array of moorings buoy across the tropical Pacific Ocean, Tropical Atmosphere and Ocean (TAO) is the ocean observing system to support the seasonal-to-interannual climate studies with in situ measurements of the ocean parameters such as temperature, salinity, winds, currents, etc. [52,53]. About 70 moorings span from 95°W near the Galapagos Islands to 137°E off the coast of New Guinea, separated by 10–15 degrees of longitude and 2–3 degrees of latitude between 8°N and 8°S. These ocean and atmospheric parameters are measured on a daily basis. The in situ measurements at some TAO stations could go back to the 1970s. In this study, we use in situ measurements taken at the location [95°W, 8°N] to investigate the interannual variability in SSS, SST, and Chl-a between 2015 and 2018 in the CRTD region.





3. Results


3.1. Climatology of nLw(λ), Chl-a, SST, and SSS


To study the ocean variability in the CRTD region, the long-term climatology and seasonal climatology of ocean properties, i.e., Chl-a, SST, and SSS, are computed. Specifically, the climatology of Chl-a and SST are computed as the mathematical mean values of all the observations between 2012 and 2021 in the CRTD region, and SMAP SSS climatology is the mean SSS between April 2015 and 2021 since SMAP launches in the corresponding months and seasons. Similarly, the seasonal and monthly climatology of Chl-a, SST, and SSS are computed in the same time range. Note that the climatology of Chl-a, SST, and SSS derived in this study are different from those of the WOA2018 which are solely based on the sparse in situ measurements in this region, as shown in Figure 2.



In the CRTD region, all the physical, optical, and biological properties show important influences. For optical properties, the nLw(443) values in the CRTD are lower than those in the neighboring regions. In the center of the CRTD, the nLw(443) values are ~0.7–0.8 mW cm−2 µm−1 sr−1, while the nLw(443) values in the neighboring regions reach over ~1.2 mW cm−2 µm−1 sr−1 (Figure 3a). In comparison, moderately enhanced nLw(551) (Figure 3b) and nLw(671) (Figure 3c) are also found in the CRTD region.



The enhancement of climatology Chl-a is significant in the CRTD region (Figure 3d). In the core of the CRTD, Chl-a reaches ~0.4–0.5 mg/m3. This is significantly higher than Chl-a in the southern region where its value ranges ~0.1–0.2 mg/m3. The SST field shows the lower SST in the CRTD region (Figure 3e) generally match SST from the climatology SST from all the in situ observations in this region, as shown in Figure 2b, in terms of both the location of the dome and the magnitude of SST. The impact of the CRTD on SSS is also significant (Figure 3f). The enhancement of the SSS is over ~0.5 psu.




3.2. Seasonal Variability in nLw(λ), Chl-a, SST, and SSS


Figure 4 shows the seasonal variability in nLw(λ) at 443 nm (Figure 4a–d), 551 nm (Figure 4e–h), and 671 nm (Figure 4i–l). Over the four seasons, changes in nLw(λ) at these three bands are remarkable. The depression of nLw(443) is more enhanced in the spring (Figure 4a) and winter (Figure 4d) seasons, while nLw(551) values are more enhanced in spring (Figure 4e) and summer (Figure 4f). In winter, no significant enhancement of nLw(551) can be observed (Figure 4h). For nLw(671), the seasonal change is similar to that of nLw(551), i.e., strengthened nLw(671) in spring (Figure 4i) and summer (Figure 4j) and weakened nLw(671) (Figure 4l) in winter.



The seasonal Chl-a change essentially reflects the seasonal spectral change in nLw(λ) since satellite-derived Chl-a values are computed from nLw(λ) spectra in visible bands. In general, the CRTD region features elevated Chl-a in comparison with that of the neighboring regions. As shown in Figure 5a–d, elevated Chl-a can be found in spring (Figure 5a), summer (Figure 5b), and winter (Figure 5d), while the elevation of Chl-a in autumn (Figure 5c) is less pronounced. On the other hand, the spatial patterns, coverage, and the core locations of the elevated Chl-a are different in different season. This implies that the CRTD is not only highly dynamic in terms of the thermocline depth but also has high seasonal variability in the biological activity that is driven by the physical forcing.



The seasonal change in SST in the CRTD region is also significant. This is especially true in spring (Figure 5e) and winter (Figure 5h). The SST values in the CRTD region are generally about 2 °C lower than those in the nearby regions during winter. In fact, the low SST pattern stretches over 1000 km offshore (Figure 5h). In summer, the low SST pattern in the CRTD region is less significant (Figure 5f). It even becomes invisible during autumn (Figure 5g). This can be attributed to the migration of the ITCZ and erosion of the CRTD due to the strong air–sea interaction and heat exchange in this season.



SSS in the CRTD also shows high seasonal variability. Contrary to SST, SSS is found to be the highest in spring (Figure 5i) and winter (Figure 5l). As an example, the SSS values in the core CRTD region are ~35 psu in spring, while they are only ~33 psu to the south of the CRTD region. In summer, the SSS values in the CRTD region are about 0.5 psu higher than those in the neighboring regions, and the location and pattern of the moderately enhanced SSS (Figure 5i) generally match with the location and pattern of the lower SST (Figure 5e). In autumn, a slightly higher SSS pattern associated with the CRTD is found further offshore (Figure 5k).




3.3. Interannual Variability in Chl-a, SST, and SSS


To study the interannual variability in Chl-a, SST, and SSS, Box A (95.0°W–86°W, 8°N–12°N), as shown in Figure 3d, is set to cover the main CRTD region, and the time series of Chl-a, SST, and SSS are computed to evaluate the interannual variability between 2012 and 2021. In addition, we also compute the mean monthly values of Chl-a, SST, and SSS between 2012 and 2021 in the box as the Chl-a, SST, and SSS climatology references. These monthly Chl-a, SST, and SSS values are compared with the climatology values of Chl-a, SST, and SSS in each month to further address the interannual changes in Chl-a, SST, and SSS and the covariations and correlations of these properties.



In Box A, the mean monthly climatology Chl-a values generally vary between 0.266 mg/m3 in June and 0.353 mg/m3 in March (Figure 6a). This Chl-a seasonal variation in Box A is consistent with that of the entire CRTD region in Figure 5a–d. In comparison with the climatology seasonal variability, the interannual variability in the monthly Chl-a in Box A is significant, ranging from <0.2 mg/m3 to ~0.6 mg/m3. Specifically, the monthly Chl-a in 2013 was ~0.2–0.4 mg/m3 higher than the 10-year mean climatology Chl-a in the corresponding months. The ratios of the monthly Chl-a and the corresponding 10-year monthly mean Chl-a reach over 2. On the contrary, in the period between the spring of 2015 and the spring of 2016, the Chl-a values in Box A were only about 50% of the 10-year mean Chl-a in the corresponding months. In the period of 2019–2020, the Chl-a values in Box A were also significantly lower than the corresponding 10-year monthly mean values.



In comparison to the Chl-a variation between 2012 and 2021, the SST values in Box A show that the interannual change was less significant than the seasonal SST change (Figure 6b). The 10-year monthly mean SST values show that it peaked at 29.44 °C in May and was at its lowest at 26.94 °C in January. Even though the seasonal SST change was dominant, the interannual SST variability was also not negligible in the CRTD region. In 2013, the monthly SST values in Box A were ~0.5–1.0 °C lower than the corresponding 10-year monthly mean SST values. In the period between the spring of 2015 and the spring of 2016, the difference in the monthly SST and the corresponding 10-year monthly mean SST in Box A could be over ~1.0 °C. In the period after early 2018, the monthly SST generally matched well with the corresponding 10-year monthly mean SST.



Even though SSS observations from SMAP only started in April 2015, the seasonal and interannual variability in SSS in Box A are evident (Figure 6c). Similar to the SST changes, the seasonal SSS change was significant with 8-year monthly mean SSS ranging between 33.26 psu in October and 34.29 psu in April. The interannual SSS variability was also noticeable in the CRTD region. Specifically, the SSS anomaly as the difference between the monthly SSS and the corresponding 8-year monthly mean SSS changed from +0.48 psu in February 2016 to –0.37 psu in October 2016. In September 2021, the SSS in Box A reached the lowest value of 32.81 psu.



The CRTD region is highly variable not only for Chl-a, SST, and SSS, as shown in Figure 6a–c, but also for the locations and areal coverage of these properties. Figure 7a shows the core location of the CRTD identified as having the lowest SST in February between 2012 and 2021. Clearly, the locations of the core CRTD spread in a wide region over these ten years. The core CRTD were situated around [87.5°W, 10.5°N] for five times in this 10-year period. In these 10 years, the core location of the CRTD even reached much farther offshore at around [89.0°W, 9.0°N] in February 2016.



The spatial areal coverages and extensions of the CRTD were also highly variable between 2012 and 2021 (Figure 7b). In Box A, we also calculated the coverage areas of low SST (<26 °C) and elevated Chl-a (>0.3 mg/m3). Using the SST < 26 °C as the criteria, the spatial coverage ranged from less than 10,000 km2 in February 2020 to 157,000 km2 in February 2018. On the other hand, the change in the area with Chl-a > 0.3 mg/m3 was less significant than the interannual change in area for SST < 26 °C. In February 2012, the area for Chl-a > 0.3 mg/m3 was 312,000 km2, while it was 112,000 km2 in February 2020. It is also noted that the interannual changes in area coverage of the low SST and elevated Chl-a in February 2012–2021 did not always show the same variability as the interannual changes in SST and Chl-a in February 2012–2021, as shown in Figure 6a,b. This suggests that both the magnitudes and spatial distributions of SST and Chl-a play important roles in determining the mean monthly values of SST and Chl-a in Box A.



Figure 6 only shows the temporal variations in Chl-a, SST, and SSS in the CRTD region for the period of 2012–2021. Since the SST change essentially reflects the CRTD water property changes, we chose February 2016 and February 2018, as marked in Figure 6, to study the spatial distributions of these physical and biological properties in different scenarios of the CRTD. In February 2016, the SST values were about 1 °C higher than the corresponding 10-year mean SST in this same month in Box A. In contrast, the SST values in February 2018 were about 0.7 °C lower than the corresponding 10-year mean SST in February in Box A. With these two opposite situations in the CRTD region, the interannual variation in the spatial distributions of Chl-a, SST, and SSS can be characterized and examined.



As references, the maps of the climatology for Chl-a (Figure 8a), SST (Figure 8b), and SSS (Figure 8c) in February are produced. In comparison to the climatology (Figure 3d–f) and seasonal climatology values (Figure 5), the features of elevated Chl-a (Figure 8a), SSS (Figure 8c), and depressed SST (Figure 8b) were more pronounced in this month. In February 2016, the Chl-a values (Figure 8d) in the entire CRTD region were less than those of the February climatology Chl-a (Figure 8a). The enhanced Chl-a pattern only reached around [92.5°W, 7.5°N] offshore in February 2016, while it extended much farther offshore in the February climatology Chl-a map. The maximal Chl-a values in February were 0.4–0.5 mg/m3, which were much lower than those in the February climatology Chl-a map.



In February 2016, the reduced SST values in the CRTD region (Figure 8e) were less significant than those of the February SST climatology (Figure 8b) for both the areal coverage and SST magnitude. The area with an SST < 26 °C in February 2016 was only one-quarter of the February SST climatology area. The SST values in February 2016 were generally ~1 °C higher than those of the February climatology SST. Different from SST, SSS in February 2016 (Figure 8f) showed a broad decrease in comparison to the same month SSS climatology (Figure 8c). Unlike the SSS climatology, the enhanced SSS in February 2016 only covered a small portion of the enhanced SSS in the February SSS climatology.



The sea surface features of the CRTD region in February 2018 represent the opposite situation to those in February 2016. For Chl-a, the enhanced Chl-a in the CRTD region further extended offshore and the magnitude of Chl-a in the large area exceeded ~1.0 mg/m3 (Figure 8g). The signature of lower SST in the CRTD region in February 2018 (Figure 8h) was more evident than that in the February climatology (Figure 8b). The area with SST < 25 °C in February 2018 was much larger than that in the February SST climatology. SSS over the CRTD region in February 2018 (Figure 8i) was more enhanced than SSS in the February SSS climatology (Figure 8c). In comparison to SSS in February 2016 (Figure 8f), SSS in February 2018 was over ~1.0 psu higher in large parts of the CRTD region.



Table 1 further quantifies Chl-a, SST, and SSS in Box A in February 2016 and 2018, as well as the corresponding climatology values. The mean climatology value of Chl-a was 0.441 mg/m3. It dropped to 0.322 mg/m3 in February 2016 and increased to 0.490 mg/m3 in February 2018. On the other hand, the mean SST increased to 27.67 °C in February 2016, while it decreased to 26.26 °C in February 2018. The mean SSS in Box A also showed an overall decrease from a climatology value of 34.09 psu to 33.5 psu in February 2016, while it increased to 34.35 psu in February 2018.




3.4. Subsurface Variability in the CRTD Region


Figure 5, Figure 6, Figure 7 and Figure 8 show the sea surface features of Chl-a, SST, and SSS in the CRTD region. To further understand the variability in these properties, physical processes, and the driving mechanisms for the sea surface features, the in situ measurements at the TAO_95W_08N station were examined and analyzed. This station is the northeast most station of all the TAO stations in the tropical Pacific and is located in the CRTD region (Figure 3d). Thus, it provides an insightful assessment of the subsurface ocean dynamics that drives the seasonal and interannual variability in Chl-a, SST, and SSS in the CRTD region.



Due to the frequent measurement gaps at the TAO_95W_08N station, we evaluated the measurements between 2015 and 2019. At this station, the variability in SST showed similar SST variability in Box A, as shown in Figure 6b. Specifically, the SST values were over ~1 °C higher than the climatology SST in February 2016. On the other hand, it was ~1 °C lower than the climatology SST in February 2018 (Figure 9a). This suggested that the subsurface features at this station was reprehensive for the entire CRTD region, and the dynamics at this station could be used to study the subsurface features of the CRTD region to further understand the physical, optical, biological, and biogeochemical processes that drive the variability in these sea surface ocean properties.



Figure 9b shows that the SSS variability at this station was also similar to the SSS variability in Box A (Figure 6c) between 2015 and 2019. In February 2016, the SSS values were ~1 psu lower than the climatology SSS at this station, while they were almost the same as the climatology in February following a quick increase from about 1 psu lower than the climatology SSS in September 2017. In May 2018, it reached a value 0.5 psu higher than the corresponding climatology SSS.



The variability in the 20 °C isothermal depth at this station showed significant interannual variability (Figure 9c), ranging from about 86 m of depth to 25 m of depth. In February 2016, the 20 °C isothermal depth deepened to 85 m with the increase in SST and the decrease in SSS at the station. In February 2018, the isothermal depth shoaled to 25 m with the decreasing SST and increasing SSS at the station. Corresponding to the thermocline dynamics as shown in Figure 9c, dynamics height at the station also changed significantly between 2015 and 2019. Specifically, the dynamic height was 115 cm in February 2016 in comparison to 85 cm in February 2018. The variability in the 20 isothermal depth and the dynamic height between 2015 and 2019 evidently showed that the subsurface dynamics at the CRTD region indeed was the driving force for the sea surface variability in Chl-a, SST, and SSS.



Figure 10 further shows the temperature in the upper 200 m depth at this station between 2015 and 2018. At the station, there were no salinity profile measurements in this period. In general, the 20 °C isothermal depth was located at ~40–50 m of depth, as shown for the climatology 20 °C isothermal depth in Figure 9c. The temperature quickly dropped from 24 °C to 16 °C across a ~20 m thick thermocline layer in this period. In February 2016, the temperature at this station spiked in the upper 150 m. The mixed-layer depth with temperature at 28 °C was about 50 m, and water temperature was 20 °C at 100 m of depth in comparison with 13–14 °C at this depth in the other time periods. As a comparison, the temperature profile presented lower values, a thin mixed layer, and a shoaling thermocline depth in February 2018. The thermocline depth shoaled to 25 m, while normally, it ranged from 40 to 50 m in this period. In fact, the mixed layer was disrupted and became very thin. The difference in the temperature profile in February 2016 and that in February 2018 manifested that the sea surface features of Chl-a, SST, and SSS as observed by satellite remote sensing indeed were intrinsically linked to the subsurface changes in these ocean properties. Indeed, these subsurface temperature variability in Figure 10 provides us with an insight on the ocean dynamics and processes that drive the change in the sea surface features in the CRTD region.





4. Discussion


4.1. Linkage among Chl-a, SST, and SSS Features


In comparison to various studies that used short-term satellite ocean color data (usually less than a couple of years) to understand the biological variability in the CRTD region, in this study, 10-year satellite ocean color observations are used to derive the seasonal climatology of Chl-a and its interannual variability. Furthermore, satellite SSS values are used to quantify the seasonal and interannual variability for the first time in the CRTD region. Long-term records of satellite ocean color, SST, and the new usage of SSS data provide us with a good opportunity to have an insight into the co-variation in the sea surface properties in the region.



The sea surface features of Chl-a, SST, and SSS are linked among them since both the seasonal and interannual features of Chl-a, SST, and SSS are driven by the same ocean processes such as upwelling, trade winds, the migration of the ITCZ, etc. Recent studies show that the variations in the Chl-a, SST, and SSS are linked in the Arabian Sea and equatorial Indian Ocean [54]. For the seasonal features in the CRTD, the spatial pattern of the elevated Chl-a generally matches well with the depressed SST and enhanced SSS as shown in Figure 5. In the CRTD region, both the salinity and nutrients such as nitrate and phosphate concentrations increase with the water depth [55]. This implies that the seasonal ocean processes such as the upwelling bring up the high-nutrient and high-salinity subsurface water to the surface mixed-layer, leading to the enhanced SSS and the higher levels of nutrients which also trigger the higher degree of algal growth in the CRTD region.



The interannual variability in Chl-a, SST, and SSS also generally presented a similar co-variability. The comparisons of the monthly Chl-a, SST, and SSS with their corresponding climatology values in Figure 6 and Figure 8 showed that negative SST anomaly in 2013 coincided with the positive Chl-a, while the positive SST anomaly occurred with suppressed Chl-a and the negative SSS anomaly in the period between 2015 and early 2016 (Figure 6). Figure 9c shows the mixed-layer depth became thicker and thermocline depth deepened in the period between 2015 and early 2016 in comparison to those in other years. This suggests that higher SST and lower SSS can be attributed to the weakened upwelling. The weaker upwelling also led to a deficiency in the nutrients for the phytoplankton growth, and consequently, Chl-a, in this period, was lower than the climatology Chl-a over the CRTD region. The observation agrees with the modelling results, showing that nutrient-rich waters are pumped up to the ocean surface-layer through vertical mixing. In fact, ocean upwelling plays a major role in ocean production and productivity. Therefore, thermocline depth is strongly connected to the seasonal variability in surface Chl-a [12,16].




4.2. ENSO Impact on Chl-a, SST, and SSS Features


ENSO is the major driver for the interannual variability in Chl-a, SST, and SSS. In the period from 2012 to 2021, there were four El Niño and La Niña events from the multivaiate ENSO index (MEI) (https://psl.noaa.gov/enso/mei/; accessed on 10 April 2024) [56,57]. Specifically, we identified the La Niña event in 2013 with the lowest MEI at −1.2, the El Niño event with the highest MEI of 2.2 in 2015–2016, the La Niña event in 2017–2018 the lowest MEI at −1.3, and the La Niña event in 2020–2021 with the lowest MEI at −1.5.



For the La Niña event in 2013 and El Niño in 2015–2016, the interannual variability in Chl-a and SST followed the similar variability patterns of Chl-a and SST in the other La Niña and El Niño events as reported and modelled [16]. During the La Niña phase with a cold SST anomaly in 2013, Chl-a was considerably higher than that in other years, while Chl-a values were remarkably lower than those in other years with a warm SST anomaly during the El Niño event in 2015–2016.



During the La Niña event in 2017–2018, the SST values were moderately lower than those of the climatology SST (Figure 6b), and the Chl-a values in Box A were higher than those of the corresponding climatology Chl-a for most of the time of the La Niña duration. As an example, the Chl-a map in February 2018 shows the spatial coverage of high Chl-a expanded and its magnitude became even higher (Figure 8). Furthermore, the time series of SSS (Figure 6c) and the SSS map (Figure 8) also show that the ENSO event impact was significant with depressed SSS in the 2015–2016 El Niño event and enhanced SSS in the 2017–2018 La Niña event. The depressed SSS during the El Niño events in 2013 were also expected, although there were no SSS satellite measurements at that time.



Unlike normally depressed SST with enhanced Chl-a and SSS during La Niña events, as shown in Figure 8g–i in February 2018, it is interesting to find that the corresponding changes in lower SST and enhanced Chl-a and SSS in the La Niña event in 2020–2021 did not happen. Figure 11 shows the maps of Chl-a (Figure 11a), SST (Figure 11b), and SSS (Figure 11c) in February 2021 in the CRTD region. Compared to the climatology Chl-a (Figure 8a), SST (Figure 8b), and SSS (Figure 8c), Chl-a was not elevated in February 2021 (Figure 11a). The SST pattern in February 2021 (Figure 11b) was similar to the climatology SST (Figure 8b), and SSS in February 2021 (Figure 11c) was slightly higher than the climatology SSS (Figure 8c).



In February 2021, the La Niña event lasted nine months since June 2020, with the MEI < −0.5, and in fact, the MEI values were −1.2, −0.9, and −0.8 in January, February, and March of 2021, respectively. In January, February, and March 2018, the MEI values were −0.8, −0.7, and −0.8. Even though the La Niña in February 2018 was weaker than the La Niña in February 2021 in terms of the MEI values, changes in Chl-a (Figure 8g), SST (Figure 8h), and SSS (Figure 8i) in February 2018 were actually stronger than those in February 2021 (Figure 11a–c) in comparison to the climatology Chl-a, SST, and SSS in February (Figure 8a–c). The anomalies of Chl-a (Figure 11d), SST (Figure 11e), and SSS (Figure 11f) clearly show the changes in the sea surface features in the 2020–2021 La Niña event. In the CRTD coastal region, Chl-a (Figure 11a) dropped significantly with a positive SST anomaly (Figure 11e). The moderate Chl-a increase, SST drop, and higher SSS were actually located further south between 5°N and 8°N.



The sea surface features in the CTRD region, in 2020–2021, apparently were inconsistent with the observations and modeling results for the impact of ENSO [16]. It was also different from the Chl-a, SST, and SSS features in the 2017–2018 La Niña event. An examination of SST in the equatorial Pacific in these 10 years shows that the significantly negative SST anomaly in the 2013 La Niña and positive SST anomalies of El Niño in 2015–2016 were located in the eastern equatorial Pacific, while the SST anomaly in the 2020–2021 La Niña event was across the eastern and central equatorial Pacific. In fact, the SST anomaly in the 2020–2021 La Niña was significantly lower than those in the 2013 and 2017–2018 La Niña events.



The traditional eastern Pacific (EP) ENSO and central Pacific (CP) ENSO are the two different modes of ENSO with contrasting SST anomaly patterns in the equatorial Pacific [58,59,60]. The SST patterns in the equatorial Pacific evidently showed that the La Niña events in 2013 and 2017–2018 were EP La Niña events, while the La Niña event in 2020–2021 was a CP La Niña event. The central Pacific ENSO has most of its surface wind, SST, and subsurface anomalies confined in the central Pacific region instead of East Pacific, and it is less related to the thermocline variations [58]. This implies that the coastal and open ocean upwelling in the CRTD region in the 2020–2021 La Niña event was not as strong as the upwelling in the 2013 and 2017–2018 La Niña events, even though the MEI was even more negative and lasted longer in the 2020–2021 La Niña event. Consequently, the surface nutrient levels were not elevated significantly in the 2020–2021 La Niña event due to the dampened upwelling. Therefore, no enhanced Chl-a, as shown in Figure 6a, was observed in the 2020–2021 La Niña event.





5. Conclusions


Using VIIRS-SNPP satellite ocean color products, SST from GODAS and SSS observations from SMAP, we characterized and quantified the sea surface features of nLw(λ), Chl-a, SST, and SSS since 2012 in the CRTD region. The climatology of SST, SSS, and ocean color properties were provided. In comparison to the in situ-based SST and SSS climatology, the satellite-derived SST and SSS climatology data had a fine resolution and provided more details in terms of spatial variability. On the other hand, the mission-long climatology and their variability for the ocean color properties, e.g., Chl-a, were produced for the first time in the CRTD region.



The seasonal and interannual variability in these sea surface features were computed. The co-variations in these ocean properties in the CRTD region were examined and identified. The linkage and correlation between the interannual variability in these sea surface features were reported, and the impact of the ENSO events on the equatorial Pacific Ocean was also addressed. The driving force for the interannual variability was further explored with the in situ measurements in the subsurface layer.



The seasonal maps of Chl-a, SST, and SSS in the CRTD region showed that these ocean properties were linked. The elevated Chl-a matched the depressed SST and enhanced SSS in the climatology seasonal maps of these three properties. This reflected that the physical driving force, i.e., upwelling, trade winds, and the migration of the ITCZ, was the same for these sea surface properties. On the other hand, the similarity and colocations of seasonal Chl-a, SST, and SSS provided evidence that the cold high-salinity water brought to the sea surface was high-nutrient water; thus, nutrient supplies enhanced the algal growth in the CRTD region.



The interannual variability in Chl-a, SST, and SSS also showed that these three sea surface properties were consistent among them. The positive Chl-a anomaly generally occurred with the depressed SST and enhanced SSS and vice versa. The subsurface dynamics followed the sea surface dynamics of these properties. The 20 °C isothermal depth deepened with enhanced SST and depressed Chl-a and SSS. In comparison, it shoaled to shallow depths when SST was depressed and Chl-a and SSS were elevated.



In the 10-year period, there occurred four major ENSO events. Three of them resulted in significantly biological variability, i.e., lower-than-normal Chl-a, was observed during the El Niño event and higher-than-normal Chl-a during the La Niña event in the CRTD region. This is consistent with the previous studies. However, no significant enhancement of Chl-a was observed in the region during the 2020–2021 La Niña event. This was attributed to the fact that the 2020–2021 La Niña event was a central Pacific ENSO event, while the other three were eastern Pacific ENSO events. For the future research, a diagnostic analysis of wind curl, wind anomalies, or the upwelling index to discern the oceanic responses to the two types of ENSO events is necessary to better understand the interactions between the ocean physical, biological, and biogeochemical processes in the CRTD region.
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Figure 1. Blue box shows the study region of the Costa Rica Thermal Dome (CRTD). 
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Figure 2. World Ocean Atlas 2018 (WOA2018) (https://www.ncei.noaa.gov/access/world-ocean-atlas-2018/; accessed on 10 April 2024) climatology of (a) the 20°C isothermal depth, (b) SST, (c) SSS, and (d) nitrate concentration in the CRTD region. White line in each panel represents the 30 m isothermal depth derived from the climatology temperature profiles in the region. 
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Figure 3. Climatology of sea surface properties in the CRTD region from 2012 to 2021 for (a) normalized water-leaving radiance nLw(443), (b) nLw(551), (c) nLw(671), (d) Chl-a, (e) SST, and (f) SSS. Note that Box A (95.0°W–86°W, 8°N–12°N) and station TAO_95W_08N at [95.0°W, 8°N] are marked in (d) for further data analysis. 
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Figure 4. Seasonal images between 2012 and 2021 in the CRTD region during boreal spring (March–May), summer (June–August), autumn (September–November), and winter (December–February) for (a–d) nLw(443), (e–h) nLw(551), and (i–l) nLw(671). 
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Figure 5. Seasonal climatology images between 2012 and 2021 in the CRTD region during boreal spring (March–May), summer (June–August), autumn (September–November), and winter (December–February) for (a–d) Chl-a, (e–h) SST, and (i–l) SSS. 
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Figure 6. Temporal variations in Box A in Figure 3d from 2012 to 2021 in the CRTD region for (a) Chl-a, (b) SST, and (c) SSS. The vertical green color lines in plots mark the months of February 2016 and February 2018 for further analysis. 
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Figure 7. (a) Locations of the lowest SST and (b) coverage area with SST < 26 °C (scale noted in left) and coverage area with Chl-a > 0.3 mg/m3 (scale noted in right) in each February between 2012 and 2021. The core locations of the CRTD are marked in triangles in (a). 
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Figure 8. Comparisons of the specific water property parameter of the February climatology, February 2016, and February 2018 for (a,d,g) Chl-a, (b,e,h) SST, and (c,f,i) SSS. 
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Figure 9. Monthly time series at the station TAO_95W_08N between 2015 and 2018 for (a) SST, (b) SSS, (c) the 20 °C isothermal depth, and (d) sea surface dynamic height. Note that the corresponding monthly climatology for each parameter is also shown for the months of February 2016 and February 2018 marked in each plot. 
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Figure 10. Temperature in the upper 200 m column at the station TAO_95W_08N between 2015 and 2018. The month of February 2016 and the month of February 2018 are also noted. 
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Figure 11. The maps of sea surface properties in February 2021 for (a) Chl-a, (b) SST, (c) SSS, (d) Chl-a anomaly, (e) SST anomaly, and (f) SSS anomaly. 
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Table 1. Statistics of ocean properties (mean and median of Chl-a, SST, and SSS) in Box A for February climatology (Feb. Clim.) and February in 2016 and 2018.
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	Parameter
	Feb. Clim. Mean
	Feb. Clim. Median
	Feb. 2016 Mean
	Feb. 2016 Median
	Feb. 2018 Mean
	Feb. 2018 Median





	Chl-a (mg/m3)
	0.441
	0.364
	0.322
	0.291
	0.490
	0.417



	SST (°C)
	26.99
	27.14
	27.67
	27.87
	26.25
	26.32



	SSS (psu)
	34.09
	34.04
	33.55
	33.51
	34.35
	34.33
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