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Ocean currents could adjust ocean carbon and nitrogen composition which are an important part of the global carbon and nitrogen cycle. We procured global concentrations of particulate carbon and nitrogen in different depths, classified them according to ocean currents (upper 300 m), and analyzed POC-to-PON ratio (particulate organic carbon-to-nitrogen ratio) variations. We found that the regions with currents have a higher ratio than those without currents in the northern hemisphere, except in 50°–60°N (median ratio without currents is 8.38). Warm currents (median ratio ranges from 5.96 to 8.44) have a higher ratio than cold currents (6.19–8.89), except for the East Greenland Current (reach to 8.44) and Labrador Current (reach to 8.89). Meanwhile, we also analyzed the effects of ocean currents’ flowing and found that the distributions of the POC-to-PON ratio vary in different current types (e.g., cause of formation and distance from the shore). Generally speaking, the POC-to-PON ratio of the eolian currents and near-ocean currents change fiercer than that of compensation currents and near-coast currents. Ocean currents also have a buffering effect in the variation between surface and deep water, which prevents the severe change of the POC-to-PON ratio. The high-value anomaly of POC-to-PON caused by the confluence of warm and cold currents was also analyzed. It can be deduced that the high ratio in the high-latitude region was mainly caused by the terrigenous organic matter (especially carbon) and low nitrogen.
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INTRODUCTION
As an important part of the global biogeochemistry cycle, the ocean carbon and nitrogen cycle has always been concerned. Alfred Redfield presented the deep ocean particulate matter ratio, which later we call “Redfield ratio” (C:N:P = 106:16:1, Redfield, 1934), and it became a central tenet for ocean biogeochemistry and nutrition research (Deutsch and Weber, 2012; Mills and Arrigo, 2010). Later, many scholars studied the carbon, nitrogen, and phosphorus biochemical or stoichiometric variations of phytoplankton in deep or surface water (Dickman et al., 2006). The elemental composition and ratio have always been crucial points in ocean or land water research.
The research about oceans have been conducted very early (Allen, 1921; Stommel, 1957), but most of it focused on the production, for example, Parsons thought that the ocean detritus should be considered a source of food and secondary producers (Parsons and Strickland, 1962). In early times, the stress of ocean research was the nutrition and production of plankton. Then numerous studies of biology, geography, and chemistry on oceans have been conducted until now. When the Redfield ratio became a hot spot in marine research, Tett connected the Redfield ratio with the phytoplankton growth rate (Tett et al., 1985), and Handa performed chemical studies on the organic matter and carbon cycle in ocean (Handa, 1991), and there had been research into the kinds or variations of the phytoplankton community (Karl et al., 2001; Ho et al., 2010). Singh researched C:N:P stoichiometry in the North Atlantic Ocean (Singh et al., 2015), and Seok Jin Oh conducted research work on spatial–temporal distribution of particulate organic carbon (POC) and nitrogen (PON) in the southwestern area of the East Sea (Seok Jin et al., 2016). Particulate organic matter (POM) reveals carbon or nitrogen sequestration and release in ocean compared with DOM (dissolved organic matter). They are significant processes in the global carbon or nitrogen cycle. Therefore, the distribution and variation of POM in oceans or rivers get more attention.
Recently, many studies have been conducted on variations in particulate carbon, nitrogen, and the phosphorus ratio of oceans, lakes, rivers, and estuaries. Furthermore, the scale from estuaries is regional to global (Kunz et al., 2011; Martiny et al., 2014). Megan Young researched the export of carbon and nitrogen in mangrove-dominated lagoons (Young et al., 2005), and Nicolas Savoye studied particulate organic matter in the Gironde Estuary in France (Savoye et al., 2012); regional research have been conducted in the Strait of Magellan (Fabiano et al., 1999), Southern Ocean at 30°E–80°E (Pasquer et al., 2010), and the northern Beibu Gulf (Kaiser et al., 2014). Globally, Martiny found strong latitudinal patterns in the C-to-P and N-to-P ratios of marine plankton (Martiny et al., 2013; Martiny et al., 2014). Mouw even combined the global ocean particulate organic carbon flux with satellite parameters (Mouw et al., 2016). The researches were not only carried out among the space domain but also the variation of the carbon and nitrogen ratio in time, for example, Rembauville monitored the seasonal dynamic POC export in the Southern Ocean (Rembauville et al., 2015), and Zhao studied the seasonal variation of C:N:P in the western Pacific Ocean (Zhao et al., 2016), and some conducted research both in space and time (Niemi and Michel, 2015). Besides the seasonal variation, there also has been long time scale research about ocean POC or PON (Heinze et al., 2016). There are many scholars trying to explain the distribution and variation of POM in marine environment (Mouw et al., 2016; Barrera et al., 2017). Therefore, variations in the element composition and ratio in space–time have been focused in marine biogeochemistry, and the time variation could be more important with the increasing impact of extreme climatic change and human activities on the environment.
However, few studies suggest the ocean current itself has effects on the variations in the carbon, nitrogen, and phosphorus ratio and spatiotemporal change comprehensively and systematically. Most usually, researchers study the regional, global, or spatial–temporal variations in carbon or nitrogen in oceans. Even some conducted research on ocean currents’ effect on carbon or nitrogen, where they only observed one current C or N variation (Ruiz-Cooley et al., 2014), which are regional research in fact. Ocean currents regulate the global carbon and nitrogen cycle through their most important effect—transmission. They influence the physical, chemical, biological, and geological processes of surface or even deep oceans. The clear majority of studies focusing on POM of phytoplankton in oceans are regional or global, few from the angle of the ocean currents, and some were studies on the element composition and ratio in the Pacific and Atlantic oceans. The salt content and temperature of oceans can be changed gradually corresponding to global warming; afterward, the element composition could be altered. Therefore, the currents’ influence in POM of phytoplankton and their ratio have profound meaning to study the carbon and nitrogen cycle as well as its response to global warming.
DATASET AND METHODS
Data
Our data set was archived from Huang (Huang et al., 2018). There are altogether 63,827 sample points in oceans. In order to study ocean currents’ influence on the POC-to-PON ratio, all data have been classified according to ocean currents (Orsi et al., 1995; Bischof et al., 2004a; Gyory et al., 2004a; Bonhoure et al., 2004; Rowe et al., 2004; Pidwirny, 2006). Meanwhile, the data which were below 300 m (where currents can hardly affect the POC-to-PON ratio, Monahan et al., 2001; Scott and Anya., 2001) were rejected, except the data of the California Cold Current, Labrador Current, and North Atlantic Warm Current which contained all data to study the deep area variation on the POC-to-PON ratio. The extremely low or high POC-to-PON ratio has been eliminated through all data, and there were still 43,404 examples left after rejection (Figure 1). After calculating the POC-to-PON median ratio, we only kept values ranging from 2 to 13 when plotting. We mainly used the median POC-to-PON ratio and included data of temperature, salt content, chlorophyll, pH, and C, N, and P index, which were not complete though.
[image: Figure 1]FIGURE 1 | Geographical locations of sample stations used in our study and ocean currents’ sketch map.
Spatial Statistical Analysis of Ocean Currents
To identify the global surface ocean variation of the POC-to-PON ratio, we analyzed global distribution from the top 300 m of the water column with and without ocean currents. To reveal the pattern of POC and PON, the currents (except the Benguela Current, Alaskan Current, Canary Cold Current, West Wind Drift, East Greenland Current, Antarctic Circumpolar Current, and the Equatorial Countercurrent in the Atlantic) are divided into upstream and downstream from the middle to understand the variation in the POC-to-PON ratio with respect to the direction of flowing. The direction of the current is also abstract as longitude direction and latitude direction according to the main direction of ocean currents. Because this data set is sampling data, the actual site coordinates are not used. We just classified and summarized the data according to the longitudinal and latitudinal grid. To better study how the material transport and energy transport of ocean currents affect the POC-to-PON ratio, we divide the ocean current into meridional and latitudinal directions and analyze the variation of the POC-to-PON ratio along the meridional and latitudinal directions.
Because the amount of data is huge and the data are not evenly distributed in space and time, the histogram and quantile analysis methods are used to analyze the variation in the POC-to-PON ratio from a statistical point of view. A histogram is used to summarize the value distribution of the data sets. The given POC-to-PON ratio data can be divided into several categories according to the ocean current type or flow direction, and the histogram analysis is performed with every category. For the given category C, it is assumed that the number of observations is N; the histogram analysis is defined as follows:
[image: image]
where S(Xi) is used to divide the original observation data into different subsets, which are also known as histogram bins; Xi denotes the central point of the ith bin, and D denotes the width of the bins. After the division step, F(Xi) can be used to calculate the frequency of the ith bin. And operator count(S(Xi)) is used to count the observation number belonging to the ith bin.
Quantile analysis is a common method used for the quantitative analysis of data set distribution. For the given category C, its m quantile analysis is defined as follows:
[image: image]
In the formula, [] is the rounding operation; there are np samples smaller than the quantile, and np may not be an integer. Cm represents the value of the mth position in the sample. Quantile analysis can generally be expressed by boxplot. Boxplot results reflect the upper and lower boundaries, upper quartile, lower quartile, and the median of the data set.
RESULT
We classified the datasets according to ocean currents and explored the distribution of values, as shown in Figure 2. As the southern hemisphere has less currents, it has the largest wind current—the West Wind Current. The median C-to-N ratio of the West Wind Current is 7.53 in the Atlantic, 7.76 in India, and 6.57 in the Pacific Ocean, all of them close to the R ratio, especially in the Pacific. Moreover, the Antarctic Cycle Current has a lower median ratio, 6.45. Consequently, in the Antarctic and open ocean zones, both have cold currents. The POC-to-PON ratio is very close to the R ratio. This is consistent with some conclusions, that is, open ocean, few or without human activities, has a POC-to-PON ratio close to 6.63.
[image: Figure 2]FIGURE 2 | C-to-N ratio variation with ocean currents. The value of the bar chart represents the count percentage of the histogram bins.
DISCUSSION
Spatial Variation of the POC-to-PON Ratio With Ocean Currents
Global POC-to-PON Ratio Variation With and Without Ocean Currents
To identify the global surface ocean variation in the POC-to-PON ratio, we analyzed global distribution from the top 300 m of the water column with and without ocean currents. As a result, the median ratio in currents affects the regions’ range from 6.14 to 8.63, which is close to the Redfield ratio in general, and it is higher in the northern hemisphere and high-latitude areas (Figure 3A). In contrast to the POC-to-PON ratio in regions with and without currents, we found that the ratio is higher with currents in the northern hemisphere, except 50°–60°N (median ratio without currents is 8.38), which probably is because of the few samples, but in the southern hemisphere, the ratio is little different. Therefore, in the northern hemisphere, ocean currents had an increased POC-to-PON ratio but little influence in the southern hemisphere. Actually, the distribution is complex in the northern hemisphere.
[image: Figure 3]FIGURE 3 | Latitudinal patterns of the global C-to-N ratio (upper 300 m). (A) Only including the region affected by ocean currents. (B) the region without ocean currents. The blank indicates no data. M is the median ratio.
We globally analyzed the median POC-to-PON ratio of upper 300 m sea water and classified the data ocean current and the regions without currents. Some researchers have conducted studies about the latitudinal patterns of the C-to-N ratio in oceans (Martiny et al., 2013 Martiny et al., 2014), Although some global median C-to-N ratios differ from the canonical Redfield ratio, most of them are close to 6.6 in general. As other study, the C-to-N ratio is higher in low latitudes and warm ocean regions (Martiny et al., 2013), and the latitude dominates the global element ratio of oceans. However, whether the median C-to-N ratio of regions has ocean currents or not is different. The existence of ocean currents indeed affects the global C-to-N ratio because of the function—transport. The main factors that influence the POC-to-PON ratio of plankton are solar radiation, temperature, nutrients, and the kinds of plankton communities (Barrera et al., 2017). The currents adjust global C and N by delivering heat, nutrients, and so on. The region with currents has a higher median ratio than areas without currents (Figure 3B), although the data of regions without ocean currents are limited. Therefore, ocean currents could increase the POC-to-PON ratio. The ability of regulating the surface global ocean carbon and nitrogen ratio is related to the range of currents affecting the temperature of water, cause of information, flowing direction, and other characters of ocean currents.
The variation of the C-to-N ratio is remarkable in the northern hemisphere, which is because of complicated conditions, than the southern hemisphere—more significant currents as well as the terrene. The southern hemisphere has broader and more open oceans; there is little influence by currents which mainly contain the West Wind Drift and Antarctic Circle Current, as well as less human activities. Our results vary from others distinctly in the upper latitude of the northern hemisphere, and the median ratio in the upper latitude surface of oceans is above 6.63, and it even exceeds eight in 80°N–90°N, most possibly because of the terrigenous organic matter (especially carbon) and low nitrogen in the Arctic Circle. There still is another likelihood—global warming. Because of ice and snow melting in the Arctic Circle, the sea water has been desalinating and the deep ocean circulation probably has been affected to great extent. There have been several research studies about the variation of POM in the Arctic Circle (Emerson et al., 2001; Harada, 2016). The C-to-N ratio in north upper latitudes is likely to increase by currents converging in the future because of global warming, while how and to what extent are unclear.
POC-to-PON Ratio Variation With Ocean Currents
In fact, the ocean current affects the POC-to-PON ratio directly by transporting nutrition, heat, and plankton to change the composition of organic matter, and they also change the ratio indirectly by regulating the environmental conditions. The scale of the current affect could alter the organic matter element ratio as well (Sterner et al., 2008). In our study, ratios are usually higher large scale, and it will be closer to the R ratio in small scale.
Different temperatures of ocean currents have different influences on the POC-to-PON ratio of global surface oceans. In our study, the region with warm currents has higher median C-to-N ratio, except the East Greenland Current and Labrador Current. This is identical with most studies—higher temperature and higher carbon-to-nitrogen ratio (Martiny et al., 2013; Martiny et al., 2014). According to our data, warm currents have higher temperature and concentration of chlorophyll than cold currents, whereas the East Greenland Current has some samples which have high concentration of chlorophyll. Thus, the East Greenland Current has a much higher POC-to-PON ratio, and it is probably a rich terrigenous supply. Low-latitude districts receive more solar radiation. The temperature of surface sea water is higher, so plankton has a favorable environment for growing in higher temperature. Thus, warm currents have a higher POC-to-PON ratio than cold currents, but only in middle and low latitudes.
How about the warm currents at the same latitude? The North Atlantic Warm Current has a much higher ratio than the canonical Redfield value and that of the North Pacific Warm Current. Meanwhile, the North Equatorial Warm Current has a median ratio of 5.96–8.27, from lower to upper reaches, both deviate from the R ratio. The situation at the same latitude is complex and varying as the environment, including land–sea distribution, nitrogen, plankton, and water temperature. The sample points of the North Atlantic Warm Current are more from offshore to central ocean compared with the North Pacific Warm Current; it could comprise several terrigenous particulate organic matter (POM). The North Atlantic is a bigger carbon sink, and there has been a high carbon value and terrestrial POM that could influence the carbon and nitrogen cycle, which has been proved (Head et al., 1996). Although at some latitude, the ocean current could change the latitude pattern of the POC-to-PON ratio, which is affected by the distance to the shore as well.
In our study, all the cold currents, except the Antarctic flow, are divided into upstream and downstream and have a decrease in the POC-to-PON ratio with flowing. It is likely that cold currents usually flow from high to low latitude; besides, the Brazil Warm Current and North Atlantic Warm Current have the same trade. However, the East Australian Current and North Pacific Warm Current are different; their ratio increases from upstream to downstream. They run from low to high latitude, and their regular patterns are like cold currents. As for the Brazilian Warm Current, there is the Falkland Cold Current joint which causes a rich nutritional environment and pulls down the ratio downstream.
Effects of Ocean Currents in POC-to-PON Ratio Variation
POC-to-PON Ratio Variation Along the Direction of Current Flow
Warm Currents
As shown in Figure 3, the range of POC-to-PON median ratios of the warm currents is 5.96–8.44, and most of the warm currents have much higher values than the Redfield ratio. For the meridional current, all the three currents flow from low latitudes to high latitudes (Figure 4A). Among the three currents, both the Japan Warm Current and the East Australia Warm Current are compensation currents, whose POC-to-PON ratio structures are relatively stable (falling first and then rising, and the Japan Warm Current rises abnormally high and far more than the R ratio, which may be caused by the confluence of warm and cold currents). The Brazil Warm Current is an eolian current, whose POC-to-PON ratio is evolving with drastic changes (especially in the front and end of the ocean current). This indicates that ocean currents of different causes have different mechanisms of action on the POC-to-PON ratio.
[image: Figure 4]FIGURE 4 | POC-to-PON ratio variation along warm currents. (A) Latitudinal warm current. (B) Longitudinal warm current.
The latitudinal current is more common for warm currents (Figure 4B), and the median POC-to-PON ratio of most warm currents decreases with their flow direction. However, there exists a marked difference between the near-coast current and the near-ocean current. For the near-coast Alaska Current and the North Indian Ocean monsoon Circulation, the POC-to-PON ratio is relatively stable (fluctuates in the early stage and stabilizes in the later stage), and the near-ocean North Atlantic Current and the North Pacific Current are found to vary significantly (with an obvious downward trend and fluctuates significantly in the later stage). We can also find that the Mexico Gulf Current rises rapidly in the later stage because of the confluence of warm and cold currents.
Identical with longitudinal currents, almost all latitudinal currents have a decreased POC-to-PON ratio with their flow direction, except the North Atlantic Current and North Pacific Current. There are many rivers that pour into the Northern Atlantic; they carry massive POM from the land which changes the C and N proportion. Different rivers have different effects (Pasquer et al., 2010). Thus, the North Atlantic Current has an increased ratio with its flow direction, reiterating what we think determined by the composition and proportion of injected rivers. As for the North Pacific Current, the increased ratio is probably because of the missing water from the Equatorial Countercurrent which leans toward north and is influenced by the El Nino phenomenon (Chavez et al., 1999).
Cold Currents
As shown in Figure 5, the POC-to-PON ratios of the cold currents range from 6.19 to 8.89 (median), which are higher than the R ratio. The higher the latitude, the higher is the C-to-N ratio. Same as most warm currents, the ratio of cold currents decreases with flow direction. Most cold currents are longitudinal, compared with latitudinal currents which mainly transmit nutrition and organisms, and the longitudinal currents adjust heat of sea water in addition.
[image: Figure 5]FIGURE 5 | POC-to-PON ratio variation along cold currents.
Compared with latitudinal currents, most cold currents have lower POC-to-PON ratios, except the cold currents in high latitudes in the northern hemisphere (the East Greenland Current and Labrador Current). The reason could be the terrigenous organic matter (especially carbon) or the low nitrogen in the Arctic Circle (Wheeler et al., 2002; Martiny et al., 2013). On the other hand, the confluence of warm and cold currents also made the POC-to-PON ratio unusually high.
POC-to-PON Ratio Variation With Ocean Currents Move Vertically
In addition to the horizontal motion of matter and energy, ocean currents will further strengthen the vertical motion. The element ratio changes with depth (Martiny et al., 2013; Auguè res and Loreau, 2015), and the ratio is low in deep water. The ratio of deep water under some currents (below 300 m) is also shown. Deep water of the Labrador Cold Current has a high C-to-N ratio reaching up to 8.17, whereas the North Atlantic Warm Current does not have too low ratio in deep areas (Figure 6). POM of surface ocean water could subside to as deep as the effect of gravity, so deep water could not decrease extremely if the surface water has a high ratio. However, in upwelling areas, such as the deep of the California Cold Current, the ratio of deep water is usually higher than the surface, and it is also above the R ratio. In upwelling zones, surface water is rich in nutrition, yet deep water is short of nutrition. Many studies have confirmed the ratio is low in oligotrophic areas. We can deduce that the C-to-N ratio in deep areas does not reduce drastically if surface water has a high ratio; it will likely continue to have a higher ratio. The ratio tends to be higher in deep water, if the C-to-N ratio of surface water is low. In other words, the currents advance the ratio in deep water, especially in low-ratio areas, particularly in upwelling areas, while this trend is overt in cold currents; the ratio decreases much in deep water of regions with warm currents.
[image: Figure 6]FIGURE 6 | Frequency of C-to-N ratio in deep water. M is the median ratio.
Effects of the Confluence of Warm and Cold Currents
The confluence of warm and cold currents could mix sea water resulting in nutrients upwelling from deep water, phytoplankton booming, and fishing grounds being often found there. We chose two typical cold and warm intersections to analyze its impact on the ratio. As shown in Figure 7, the C-to-N ratio in the confluence was much higher. However, we found that the ratio would increase at the intersection first and then decrease after mixing, for example, the Mexico Gulf Warm Current intersects with the Labrador Cold Current, and the median ratio changes from 5.80 to 9.80 and then to 7.60 (Figure 7A). The same trend appears between the North Atlantic Current and the East Greenland Current (Figure 7B). Consequently, the confluence of warm and cold currents could raise the POC-to-PON ratio.
[image: Figure 7]FIGURE 7 | Confluence of warm and cold currents. (A) Confluence of the Mexico Gulf Current and Labrador Current. (B) Confluence of the Gulf Stream and Labrador Current.
We can also find that from warm to cold currents, the POC-to-PON ratio increases sharply, but from cold to warm currents, the ratio increases slowly. The reason may be that the POC-to-PON ratio of the cold current is much larger, which further proves that the main reason for the high ratio in the high-latitude region is the terrigenous organic matter (especially carbon) and the low nitrogen (Barrera et al., 2017).
CONCLUSION
We procured global particulate organic carbon and nitrogen of phytoplankton in oceans, analyzed the POC-to-PON ratio of the global variations of surface water and the median ratio based on ocean currents (with or without ocean currents). We found that the global ocean median ratio, especially in the southern hemisphere, is close to the Redfield ratio, whereas the ratio is a little higher in the northern hemisphere, it even reaches 8.63 in 80°N–90°N. In our study, ocean currents indeed could affect the POC-to-PON ratio by adjusting heat, nutrition, and delivering plankton.
The higher ratio arises in warm upper latitudinal currents, whereas it is lower in cold lower latitudes. On the other hand, the distributions of the POC-to-PON ratio vary in different ocean current types (e.g., cause of ocean currents and distance from shore). Generally speaking, the POC-to-PON ratio of the eolian current and near-ocean current change fiercer than that of the compensation current and near-coast current. Meanwhile, ocean currents also have a buffering effect in the variation between surface and deep water, which prevents the severe change of the POC-to-PON ratio. The analysis of the high-value anomaly of the POC-to-PON ratio with the confluence of warm and cold currents showed that the changing process of warm currents and cold currents is different, which may promote our understanding of high ratios in high-latitude regions.
Our study shows that ocean currents will have more important, extensive, and profound impact on the ocean carbon and nitrogen cycle. With the process of global warming, the effect of currents should get more attention. And we should focus on the variation in the northern hemisphere, especially the Arctic because of its complex conditions and human activity effects.
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