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Abstract

:

Our main objective in this study was to determine the inter-annual variation of the annual new production in the East/Japan Sea (EJS), which was estimated from MODIS-aqua satellite-derived sea surface nitrate (SSN). The new production was extracted from northern (>40° N) and southern (>40° N) part of EJS based on Sub Polar Front (SPF). Based on the SSN concentrations derived from satellite data, we found that the annual new production (Mean ± S.D = 85.6 ± 10.1 g C m−2 year−1) in the northern part of the EJS was significantly higher (t-test, p < 0.01) than that of the southern part of the EJS (Mean ± S.D = 65.6 ± 3.9 g C m−2 year−1). Given the relationships between the new productions and sea surface temperature (SST) in this study, the new production could be more susceptible in the northern part than the southern part of the EJS under consistent SST warming. Since the new production estimated in this study is only based on the nitrate inputs into the euphotic depths during the winter, new productions from additional nitrate sources (e.g., the nitrate upward flux through the MLD and atmospheric deposition) should be considered for estimating the annual new production.
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1. Introduction


Various changes in physical, chemical and biological properties have been reported in the East/Japan Sea (EJS) during last several decades [1,2,3,4,5,6,7,8]. Particularly, a dramatic change in the vertical distribution of the chemical properties and sea surface temperature of the winter and spring was observed in the southern EJS during the last few decades [2,3,4]. According to several reports, the chlorophyll-a, primary production, phytoplankton size, and zooplankton biomass were changed by the seawater temperature and the volume transport of the Kuroshio Current in Korean waters, including the EJS [9,10,11,12,13]. Moreover, changes in the number of fish caught have been observed in the EJS [14,15,16,17].



The EJS has two main water-mass properties such as cold and warm waters. A Sub Polar Front (SPF) is formed by the confluence of the warm and cold currents located at approximately 40° N [18,19]. The different water mass leads to a gradient in environmental factors and phytoplankton dynamics in the EJS, which seems to be controlled by vertical variations in hydrographic features such as physical mixing and light-nutrient availability [20]. The vertical structure of the water column differs between the northern and southern parts of the EJS and is strongly associated with ecosystem dynamics [21].



Generally, high and frequent nitrate upward movements by vertical mixing, upwelling, and eddies are observed to be the major cause of high primary production in the EJS [4,22,23,24]. Recently, Joo et al. [13] observed a decreasing trend in the long-term annual primary production in the EJS obtained from MODIS-aqua from 2003 to 2012. Previously, they found that the decreasing annual primary production in the Ulleung Basin has a strong association with the decreasing nutrient concentrations in the euphotic water columns (0 to 50 m) from 2003 to 2012 [6]. In general, the nitrate concentration has a negative correlation with temperature in various oceans as well as in the EJS [25,26,27]. Due to climate change, the increased surface temperature can form a strong stratification in the surface water, which could reduce the nitrate upward flux into euphotic depths from deep waters in the global ocean [28,29,30]. Therefore, ongoing climate change and subsequent strong stratifications in surface ocean waters [28,29] could negatively affect the new production of phytoplankton, based on NO3 concentration and consequently affect the higher trophic levels in marine ecosystems. Generally, new production is defined as primary production based on nitrate concentration as a nitrogen source coming from deep waters to the euphotic zones, which could increase phytoplankton population size in marine ecosystems [31,32]. Currently, only a few field-measured new productions have been obtained in the EJS [2,33,34,35,36]. However, there has been no information on the temporal and spatial variation of the new production that is currently available in the EJS. In general, the nitrate concentration is known to have a significant relationship with the water temperature in the Ocean [37]. Since the phytoplankton community could have significant impacts on the temperature-nitrate relationship in the euphotic zone [38,39,40], we estimated sea surface nitrate (SSN) and new production based on sea surface temperature (SST) and sea surface chlorophyll (SSC) from ocean color data. In this study, the temporal and spatial variations of SSN and new production were analyzed in the EJS using a regional SSN algorithm and new production algorithm based on the ocean color data derived from Moderated-Resolution Imaging Spectro-radiometer (MODIS). The main objectives of the present study were to develop a regional algorithm of SSN and new production, detect the temporal and spatial distributions of SSN and new production, and to find a main controlling factor for the variation in new production in the EJS during the study period from 2002 to 2015.




2. Data and Methods


2.1. Data


Field-measured SSN data in the EJS were obtained from the KODC (Korea Ocean Data Center) website (http://kodc.nifs.go.kr), JMA (Japan Meteorological Agency) website (http://www.jma.go.jp/jma/indexe.html), and Korea-Russia joint Cruise (EAST-1 reports). The locations of field-measured data are shown in Figure 1 and the information of the field-measured data is summarized in Table 1.



SST and SSC data were extracted from the monthly mapped MODIS-aqua Level-3 products which were remapped as 4 km × 4 km resolution. The MODIS-aqua-derived ocean color data were obtained from the NASA OBPG website (https://oceandata.sci.gsfc.nasa.gov/). Mixed layer depths (MLD) of the EJS have obtained from ECCO (Estimating the Circulation and Climate of the Ocean) website (http://www.ecco-group.org/).




2.2. The Regional SSN Algorithms for the East/Japan Sea (EJS)


A regional SSN algorithm was modified in the present study from previous studies since the algorithm was designed for the Northern Pacific Ocean [36,39]. To develop the SSN algorithm for the northern and southern EJS, SST and SSC data from MODIS-aqua L3 were extracted from the same location, matched with field-measured stations (Figure 1). We used a total of 576 field-measured data for developing the regional SSN algorithm. We divided the northern and southern parts of EJS based on 40° N which is a general location of Sub Polar Front (SPF) in the EJS [18,19]. The SSN algorithms as a function of SST and SSC for the northern (1) and southern (2) parts of the EJS are as follows:


SSNNorthern = 12.4 − 0.03039 × SST2 − 1.199 × SST + 0.2739 × SSC2 − 2.781 × SSC



(1)








SSNSouthern = 12.31 + 0.01246 × SST2 − 0.7729 × SST + 0.1751 × SSC2 − 1.508 × SSC



(2)






2.3. Annual New Production Algorithm for the East/Japan Sea (EJS)


The annual new production algorithm for the EJS was also modified from Goes et al. [39] which was developed for the Northern Pacific Ocean. The annual new production can be estimated using the relationship PN = R ΔN, where R is carbon to nitrogen (C/N) ratio in the phytoplankton and ΔN is the difference between the highest SSN concentration in winter before phytoplankton bloom and the lowest SSN concentration in summer at the end of phytoplankton bloom in the EJS. Mainly, we modified the three parameters in the algorithm for annual new production in the EJS. First, we changed the R values for the EJS. Commonly, the C/N ratio in the Redfield ratio is 6.7 in the ocean. However, we used different C/N ratios in the northern and southern parts of the EJS based on the field-measured C/N ratios of 7.1 and 8.4, respectively, which were obtained from several other cruises in the various regions of EJS during April–October, 2012–2017 (Figure 1; unpublished data). Secondly, ΔN = [NM − NA] × [MLD(M) − MLD(A)] was used in this study, where NM and NA are the concentrations of nitrate and MLDM and MLDA are MLD in March and August, respectively. The nitrate flux through MLD is the highest in February in the southern EJS [33] and phytoplankton bloom normally starts in March in the entire EJS [16]. Thirdly, MLD was used in this study instead of the nitracline depths because most of the phytoplankton live in the MLD, can consume nitrate in the absence of light [31], and MLD is strongly related with phytoplankton bloom [24].





3. Results


3.1. A Regional Algorithm for the Sea Surface Nitrate (SSN) in the East/Japan Sea (EJS)


The field-measured SSN data were collected for a regional SSN algorithm in the EJS. Before modification, a relationship between SST from satellite and field-measured SSN concentrations in the northern and southern parts of the EJS was obtained (Figure 2). SSN has a significant relationship with SST in the northern part (r2 = 0.86, y = 0.0242x2 − 0.8602x + 7.4374) and the southern part (r2 = 0.85, y = 0.0162x2 − 0.797x + 10.169) of the EJS (Figure 2). The SSN is almost depleted over 10 °C and 15 °C in the northern and the southern parts of the EJS, respectively.



In Figure 3, the estimated SSN concentrations from the SSN algorithms and field-measured SSN concentrations were plotted with 95% prediction bounds in the northern and southern parts of the EJS. The estimated SSN concentrations matched well with the field-measured SSN concentrations in the northern part (y = 0.9495x, r2 = 0.52, p < 0.01, n = 96) and the southern part (y = 1.0326x, r2 = 0.55, p < 0.01, n = 480) of the EJS. In comparison, the regression curves presented with blue lines between the estimated SSN concentrations from the previous algorithm [38,39] and field-measured SSN concentrations indicated no effective matches in the northern (y = 0.2453x, r2 = 0.40) and southern (y = 0.556x, r2 = 0.51) parts of the EJS.




3.2. The Monthly Sea Surface Nitrate (SSN) Concentration in the East/Japan Sea (EJS)


The monthly climatological images of SSN in the entire EJS are shown in Figure 4. In general, the SSN concentration in the entire EJS had a strong seasonal trend, with the highest SSN concentration during February–March the lowest concentration during June–August (Figure 4).



The monthly averaged SSN concentrations in the northern and southern parts of the EJS are shown in Figure 5. The SSN concentrations are 0.2–8.7 µM and 0.2–5.7 µM in the northern and southern parts of the EJS during the study period, respectively. The SSN concentrations are significantly higher in the northern part than the southern part in the EJS (t-test, p < 0.01) and they have no specific trend for inter-annual variation during the study period.



The annual SSN concentrations in the northern and southern parts of the EJS are shown in Figure 6. The annual SSN concentrations in the northern and southern parts of the EJS were observed to range from 5.8 µM to 6.8 µM and from 2.9 µM to 3.4 µM, respectively.




3.3. Long-Term Variation of the Annual New Production in the East/Japan Sea (EJS)


Our results for the new production are based on models that are temperature-dependent since SSN from the northern and southern parts of the EJS are estimated from SST, SSC, and MLD that have explicit temperature dependence. For a spatial variation, the images of the annual new production in the EJS from 2003 to 2015 have appeared in Figure 7. Although the annual new production varies annually, it is noticeably high in the south of Vladivostok and generally low in the northern region (>43° N) in the EJS during the study period. The annual new production ranges from 57.4 g C m−2 year−1 in 2008 to 127.4 g C m−2 year−1 in 2006 in the northern part and ranges from 52.4 g C m−2 year−1 in 2007 to 83.3 g C m−2 year−1 in 2005 in the southern part of the EJS, respectively.



The anomalies of the annual new production in the EJS were estimated for the long-term variation study (Figure 8). Generally, the northern and southern parts of the EJS have the same phase of annual new production anomaly but sometimes they have different phases. The negative phase of annual new production anomaly appears in 2003, 2004, 2007, 2008, 2014, and 2015 in the entire EJS. The positive phase of annual new production anomaly appears in 2005, 2006, 2010, and 2013 in the entire EJS. In 2009, 2011, and 2012, the annual new production anomalies show different phases in the northern and the southern EJS. During the study period, no specific trend in annual new production anomaly was observed in the northern and southern EJS.



To find a major controlling factor for the inter-annual variation of the annual new production in the EJS, the annual new production and the SST in March were plotted in Figure 9. Strong negative relationships were found between the annual new production and the SST in March in the northern (y = −37.201x + 234.97, r2 = 0.42, p < 0.01, n = 13) and the southern (y = −13.277x + 196.79, r2 = 0.49, p < 0.01, n = 13) parts in the EJS.





4. Discussion


4.1. The Spatial and Temporal Variation of Sea Suface Nitrate (SSN) in the East/Japan Sea (EJS)


To date, there is very limited knowledge on the distribution and characteristics of nitrate in the EJS [26,31,41,42], although nitrate is strongly associated with the growth of phytoplankton and thus with primary production of phytoplankton [36]. In this study, the SSN concentrations of the northern and southern EJS were estimated from the regional SSN algorithm with MODIS-derived SST and SSC for finding spatial and temporal variation of SSN concentration.



The SSN concentrations in the entire EJS are 2.2–8.7 µM and 0.2–1.2 µM in winter and summer, respectively. In previous studies, nitrate concentration in surface waters showed large variations in the EJS. Nitrate concentrations were 5.8–14.8 µM in the entire EJS during winter [43]. In summer, low nitrate concentrations were observed in the Ulleung Basin (<1 µM) and 0.3–5.5 µM in the northern EJS [43,44,45].



The averaged SSN concentrations from 2002 to 2015 are 3.2 µM (S.D ± 2.7 µM) and 2.3 µM (S.D ± 1.6 µM) in the northern and southern parts in the EJS, respectively (Figure 5). The average annual SSN concentrations were 6.3 µM (S.D. = ± 0.3 µM) and 3.2 µM (S.D ± 0.2 µM) in the northern and southern parts of the EJS, respectively (Figure 6). The SSN concentrations were relatively higher in the northern part compared to those in the other parts of our study area (Figure 4). Generally, the SSN concentration has negative relationships with SST and biomass of phytoplankton [38,39]. The relatively high SSN concentrations in the northern part of the EJS are probably associated with the cold water input from the deep water [34] and hence relatively lower primary productivity of phytoplankton [6,13,46,47]. In particular, the surface nutrient concentration is higher in the western Japan Basin than the Ulleung Basin and the eastern Japan Basin, which is probably related to a deeper vertical mixing in the western Japan Basin during winter [34]. The nutrient input into surface layer would be declined by a strong stratification, which makes a weak vertical mixing under ongoing climate change [28]. Recently, Jo et al. [7] reported that the increasing SST in the east coast of Korea is much faster than the global average. Indeed, decreasing field-measured nitrate concentration was observed in the southwestern EJS (i.e., Ulleung Basin) over the recent decade from 2003 to 2012 [6], though we did not observe the decreasing trend in SSN concentration in the entire EJS. A long-term monitoring study is needed to detect any changes in the nitrate concentration in the EJS under ongoing climate change.




4.2. The Spatial and Temporal Variation of Annual New Production in the East/Japan Sea (EJS)


The annual new production averaged from 2003 to 2015 is 75.6 g C m−2 year−1 (S.D = ± 19.0 g C m−2 year−1) in the entire EJS (Figure 7). The average annual new productions are 85.7 g C m−2 year−1 (S.D = ± 10.1 g C m−2 year−1) and 65.6 g C m−2 year−1 (S.D = ± 4.0 g C m−2 year−1) in the northern and southern parts of the EJS, respectively. For comparison, the annual new productions previously reported in the EJS were summarized in Table 2. Based on oxygen consumption rate, Hahm and Kim [34] estimated 99 g C m−2 year−1 for the annual new production in the Japan Basin. Hahm and Kim [31] reported 64 g C m−2 year−1 for the annual new production in the Ulleung Basin based on 3He flux and Kim et al. [48] also obtained a similar value (58.7 g C m−2 year−1) in the same Basin using 234Th/238U disequilibrium measurements. For the entire EJS, Goes et al. [39] reported relatively lower annual new productions ranging from 30 to 50 g C m−2 year−1, although they used a similar algorithm for the annual new production. This difference in the annual production in the EJS between the current study and Goes et al. [39] could be due to our modified algorithm (e.g., higher C/N ratios and MLD in the method section). In general, the annual new productions in this study are within the range of various regions in the EJS reported previously. However, the 13C-based estimations for the annual new production were substantially different from those in other methods ([35]; Table 2). Kwak et al. [35] reported considerably higher annual new production (145.6 g C m−2 year−1) in the Ulleung Basin from monthly field measurements from May 2010 to June 2011. For a direct comparison, the annual new production derived from our data in the Ulleung Basin was 61.8 g C m−2 year−1 during the same period from May 2010 to June 2011, which is approximately 40% of the field-measured annual new production from Kwak et al. ([35]; Table 2). The higher annual new production from Kwak et al. [49] might be caused by an additional nitrate input upward into the euphotic depth through MLD which was not considered in this study [36]. For a comparison, we estimated the amount of nitrate input from upward vertical flux based on the field measurement data in the Ulleung Basin [35]. The nitrate upward flux was calculated from the integrated nitrate uptake rates in the mixed layer depth and vertical diffusion coefficient [50]. The average nitrate upward flux estimated in this study was 90.4 ± 78.6 µg-at N m−2 h−1 in the Ulleung Basin, which is within the range of 4–182 µg-at N m−2 h−1 reported previously in June, October, and November in the Ulleung Basin and sub-polar front regions in the EJS [35,51,52]. Based on the monthly nitrate upward flux, an additional annual new production is estimated to be at 73.2 g C m−2 year−1 in the Ulleung Basin. This value contributes approximately 50% to the field-measured annual new production from Kwak et al. [35]. In addition, atmospheric deposition of nitrate could be another source of nitrate in the EJS since it supports 10~15% of annual new production in the southwestern EJS [53,54]. However, our estimated annual new productions solely depend on the nitrate inputs from convective mixing in the northern and southern EJS during the winter. Therefore, annual new productions from the additional nitrate inputs from the nitrate upward flux through the MLD and atmospheric deposition during the year long period, which were not considered in this study, could cause the difference in the annual new production between satellite-derived method in this study and the field measurements in Kwak et al. [35].





5. Summary and Conclusions


In this study, we estimated the SSN and the annual new production using the regional algorithm and MODIS-derived ocean color data and determined the temporal and spatial variation of them in the EJS from 2003 to 2015 (Figure 5, Figure 6 and Figure 7). The average annual new production in the northern part was significantly higher (t-test, p < 0.01) than the southern part of the EJS. In the northern part of the EJS, deeper mixed layer depths during winter could provide more nitrate concentration into the euphotic zones from deep waters [43]. The annual new production had no specific trend in the EJS over the observation period from 2003 to 2015. The annual new productions in the northern and southern EJS were strongly negatively associated with the SST in March (Figure 9). The relationships between the annual new productions and the SST in March (Figure 9) showed a relatively more rapid slope in the northern part (y = −37.201x + 234.97) than in the southern part (y = −13.277x + 196.79). This suggests that the annual new production in the northern part of the EJS could be more sensitive towards ongoing warming trend compared to the southern EJS. The new production results in the present study are based on temperature-dependent models, since the SSN for the EJS are estimated from temperature-dependent SST, SSC, and MLD. A detailed analysis with spatial and temporal scales on annual new production and nitrate dynamics is highly recommended to understand the potential influence of global warming on the environmental conditions and consequently on the marine ecosystem in the EJS.
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Figure 1. Field measurement stations in the East/Japan Sea (EJS). Squared dots indicate the NIFS (National Institute of Fisheries Sciences, Korea) stations. Cross marks are the JMA (Japan Meteorological Agency, Japan) stations. Dots are the MOF (Ministry of Oceans and Fisheries, Korea) stations. Red dots are the locations of C/N ratio measured previously. 
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Figure 2. Relationships between Sea Surface Nitrate (SSN) and Sea Surface Temperature (SST) in the northern (a) and southern (b) East/Japan Sea. 
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Figure 3. Correlations between field-measured Sea Surface Nitrate (SSN) and estimated SSN in the northern (a) and southern (b) East/Japan Sea. Dashed lines represent 1:1 lines. Red lines represent the 95% prediction bounds. Blue lines show the regression curves between in situ SSN and estimated SSN from the algorithm developed by Goes et al. (2000). 
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Figure 4. Climatological monthly images of Sea Surface Nitrate (SSN) in the East/Japan Sea (EJS). 






Figure 4. Climatological monthly images of Sea Surface Nitrate (SSN) in the East/Japan Sea (EJS).



[image: Remotesensing 10 00806 g004]







[image: Remotesensing 10 00806 g005 550] 





Figure 5. Time series of monthly values in Sea Surface Nitrate (SSN) for the northern and southern East/Japan Sea (EJS) from July 2002 to December 2015. 
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Figure 6. Long-term pattern of the annual Sea Surface Nitrate (SSN) in the East/Japan Sea (EJS) from 2003 to 2015. 
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Figure 7. Long-term pattern of the annual new production in the East/Japan Sea (EJS) from 2003 to 2015. 
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Figure 8. Anomalies of the annual new productions in the northern and southern East/Japan Sea (EJS) during the study period. The blue color bars and red color bars represent the northern and southern East/Japan Sea (EJS), respectively. 
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Figure 9. Relationships between the annual new production and Sea Surface Temperature (SST) in March in the northern (a) and southern (b) East/Japan Sea (EJS). 
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Table 1. Information for the field-measured nitrate concentrations in the East/Japan Sea (EJS).
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Data Source

	
Year

	
Month

	
Location

	
Agency






	
http://kodc.nifs.go.kr

	
2012~2015

	
February

	
Southwestern part

	
NIFS (National Institute of Fisheries and Sciences, Korea)




	
April




	
June




	
August




	
October




	
December




	
http://www.jma.go.jp/jma/indexe.html

	
2005

	
January–February

	
Southeastern part

	
JMA (Japan Meteorological Agency, Japan)




	
April




	
May




	
July




	
August




	
October




	
2006

	
February




	
April–May




	
July




	
October




	
2007

	
January

	

	




	
April–May




	
July




	
October




	
2008

	
January




	
April–May




	
July




	
October




	
2009

	
January




	
February




	
Cruise reports

	
2007

	
May

	
Ulleung Basin and Northern part

	
MOF (Ministry of Oceans and Fisheries, Korea)




	
2009

	
July




	
2012

	
October




	
2014

	
April




	
2015

	
April
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Table 2. Comparison of the annual new production in the East/Japan Sea (EJS).
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	New Production (g C m−2 year−1)
	Locations
	Methods
	Reference





	30 to 50
	Entire EJS
	Satellite
	Goes et al. [39]



	99
	Japan Basin
	Oxygen consumption rate
	Hahm and Kim [34]



	54
	Ulleung Basin
	3He flux
	Hahm and Kim [31]



	58.7
	Ulleung Basin
	234Th/238U
	Kim et al. [48]



	145.6
	Ulleung Basin
	15N
	Kwak et al. [35]



	165.3
	Ulleung Basin
	Satellite
	Joo et al. [6]



	65.6
	Southern part of the EJS
	Satellite
	This study



	85.7
	Northern part of the EJS
	Satellite
	This study
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