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Abstract. Chlorophyll a (Chl-a) often retains its maximum concentration not at the surface but in the subsurface layer. The 

depth of the Chl-a maximum primarily depends on the balance between light penetration from the surface and nutrient 

supply from the deep ocean. However, a global map of subsurface Chl-a concentrations based on observations has not been 

presented yet. In this study, we integrate Chl-a concentration data not only from recent biogeochemical floats but also from 10 

historical ship-based and other observations, and present global maps of subsurface Chl-a concentration with related 

variables. The subsurface Chl-a maximum deeper than the mixed layer depth was stably observed in the subtropics and 

tropics (30°S to 30°N), only in summer in midlatitudes (30–40°N/S), and rarely at 45–60°S of the Southern Ocean and in the 

northern North Atlantic (north of 45°N). The depths of the subsurface Chl-a maxima are deeper than those of the euphotic 

layer in the subtropics and shallower in the tropics and midlatitudes. In the subtropics, seasonal oxygen increases below the 15 

mixed layer implied substantial biological new production, which corresponds to 10% of the net primary production there. 

During El Niño, the subsurface Chl-a concentration in the equatorial Pacific is higher in the middle to the east and lower in 

the west than that during La Niña, which is opposite that on the surface. The spatiotemporal variability of the Chl-a 

concentration described here would be suggestive results not only for the biogeochemical cycle in the ocean but also for the 

thermal structure and the dynamics of the ocean via the absorption of shortwave radiation. 20 

 

1 Introduction 

Chlorophyll a (Chl-a) concentration in the ocean often retains its maximum value not at the surface but in the subsurface 

layer. The subsurface Chl-a maximum is a widespread and common feature in various oceans in the tropics, subtropics, and 

subarctic (Anderson, 1969; Saijo et al., 1969; Furuya, 1990; Bhattathiri et al., 1996; Mann and Lazier, 1996). It is also 25 

recently reported in the Arctic Ocean and the Southern Ocean (Ardyna et al., 2013; Baldry et al., 2020). Substantial primary 

production is also observed in the subsurface, although the relationship among Chl-a concentration, biological biomass, and 

primary production is not simple (Campbell and Vaulot, 1993; Goldman, 1988; Fennel and Boss, 2003; Matsumoto and 

Furuya, 2011; Cornec et al., 2021). The depth of the Chl-a maximum primarily depends on the balance between light 

penetration from the surface and nutrient supply from the deep ocean (Cullen, 2015) and partly on light-dependent grazing 30 

by zooplankton near the surface (Moeller et al., 2019).  
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Chl-a concentration affects the ocean physically. Chl-a absorbs shortwave radiation, which leads to ocean warming and 

then modifies the thermal structure and the dynamics of the ocean (Lewis et al., 1990; Siegel et al., 1995). Modeling studies 

indicated that Chl-a concentration plays a precursor of the El Niño event (Park et al. 2018) and interannual variation of 

subsurface Chl-a concentration is an important parameter on the El Niño simulation (Jochum et al., 2010; Kang et al. 2018). 35 

Using satellite-retrieved ocean surface Chl-a concentrations, many studies have described the basin-wide spatial 

distribution and temporal variation of surface Chl-a (Dunstan et al., 2018; Lin et al., 2014; Sasaoka et al., 2011). However, 

those of subsurface Chl-a had not been clarified. Although several studies parameterized the vertical profile of Chl-a 

concentrations and reproduced subsurface Chl-a maxima (Ardyna et al., 2013; Uitz et al., 2006), their main purpose was 

estimating depth-integrated Chl-a and primary production. Recently, Biogeochemical Argo floats with Chl-a sensors have 40 

revealed occurrence of the subsurface Chl-a maxima and their relationship with a phytoplankton biomass in the world ocean 

(Cornec et al., 2021). However, because coverage of subsurface Chl-a data derived from a single data source is not enough to 

illustrate it, a global map of subsurface Chl-a concentrations based on observations has not been presented yet.  Global maps 

of subsurface Chl-a maximum have so far been based on statistical estimates or numerical models (Mignot et al., 2014; 

Masuda et al., 2021). Therefore, only surface Chl-a concentration is used as validation data for numerical models (e.g. 45 

Séférian et al. 2020). 

Here, we synthesize Chl-a concentration data not only from recent biogeochemical floats but also from historical ship-

based and other observations, and present global maps of subsurface Chl-a concentration. Then, we clarify seasonal and 

interannual variability of subsurface Chl-a concentration with other related variables in the world ocean. 

2 Data 50 

Chl-a measurements were extracted from the World Ocean Database 2018 (WOD2018; Boyer et al., 2018; 

https://www.nodc.noaa.gov/OC5/WOD/pr_wod.html) and the Global Ocean Data Analysis Project version 2.2019 Release 

(GLODAPv2.2019; Olsen et al., 2019; https://www.glodap.info/). These measurements were from bottle samples, CTD 

fluorescence, towed CTD fluorescence, profiling floats, gliders, and drifting buoys. Data from Biogeochemical Argo floats 

are included in WOD2018 as data from profiling floats. The number of Chl-a data measurements totaled 114,107,161 from 55 

737,469 profiles from 1932 to 2020 in the upper 300 m. Most of the data in the open ocean are from bottle samples, CTD 

fluorescence and profiling floats (Figure S1).  

We calculated the depth of the Chl-a maximum in each profile, which includes data from more than five different depths 

and then binned them into 1° × 1° × 1-month grid cells (regardless of the year). The sampling depth interval of the Chl-a 

maximum is 7 m on average (3 m in CTD fluorescence and profiling floats, and 16 m in bottle samples). The depths of the 60 

Chl-a maximum are generally similar among different data sources: deeper than 80 m in the subtropics and 40 m in the 

tropics and the Southern Ocean (Figure S1 in the Supporting Information). The Chl-a concentrations at the maximum are 

also similar among different data sources: greater than 0.5 mg/m3 north of 30°N, south of 50°S, the northern Indian Ocean, 

and coastal areas; less than 0.2 mg/m3 in the central subtropics; and 0.2–0.5 mg/m3 in other regions, although extraordinary 
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low or high concentrations along some specific lines and areas can be seen (Figure S2). Therefore, we treated data together 65 

from all data sources. 

We also calculated monthly means of Chl-a concentration in 1° × 1° grid cells at the depths of 5 m (0–5 m), 10 m (5–15 

m), 20 m (15–25 m), 30 m (25–40 m), 50 m (40–62.5 m), 75 m (62.5–87.5 m), 100 m (87.5–112.5 m), 125 m (112.5–137.5 

m), 150 m (137.5–175 m), and 200 m (175–250 m). We conducted the following quality control measures to reduce the 

effect of erroneous data or data in short-term and small-scale extreme conditions: 70 

1. We calculated the long-term mean and its standard deviation within ±5° latitude, ±10° longitude, and ±1 

month (regardless of the year) for each 1° × 1° × 1-month grid cell at each depth. 

2. We eliminated data that differed by more than three standard deviations from the long-term mean in each grid 

cell at each depth. 

3. We eliminated profiles in which more than half of all data had been eliminated in Step 2. 75 

4. We eliminated profiles in which more than half of all profiles within ±10° of the latitude and longitude had 

been eliminated in Step 3. 

This procedure identified approximately 2% of the measurements as erroneous or extreme values. 

Satellite-derived surface Chl-a concentrations, euphotic layer depths, and photosynthetically available radiation (PAR) 

with 1° × 1° monthly resolutions since September 1997 were downloaded from the website of the GlobColour project 80 

(GlobColour_R2018; http://hermes.acri.fr/index.php; Frouin et al., 2003; Maritorena et al., 2010; Moor et al., 2007). 

Monthly fields of net primary production (NPP) were obtained from the Ocean Productivity website 

(http://www.science.oregonstate.edu/ocean.productivity/index.php) with a spatial resolution of 1/6° × 1/6°, which were 

calculated using the vertically generalized production model of Behrenfeld and Falkowski (1997). We used climatological 

means of oxygen concentrations, oxygen saturation ratios, and nitrate concentrations in the World Ocean Atlas 2018 85 

(WOA2018; https://www.nodc.noaa.gov/OC5/woa18/; Garcia et al., 2018a, 2018b). We also used climatological means of 

mixed layer depths (the depth with a change from the surface sigma-θ of 0.125) produced by JAMSTEC (MILA_GPV; 

http://www.jamstec.go.jp/ARGO/argo_web/argo/?page_id=223andlang=en; Hosoda et al. 2010; missing data were 

interpolated using data in the surrounding grids). 

We calculated the Niño 3.4 index (sea surface temperature over 5°N to 5°S, 170–120°W) for an index of El Niño and La 90 

Niña by using the Hadley Centre Sea Ice and Sea Surface Temperature data set (HadISST; 

https://www.metoffice.g.,ov.uk/hadobs/hadisst/; Rayner et al., 2003). El Niño or La Niña events were originally defined by 

the Niño 3.4 index exceeding ±0.4°C for 6 months or longer (Trenberth, 1997). Here, El Niño or La Niña events represent all 

positive or negative Niño 3.4 indices respectively because the amount of subsurface Chl-a data would otherwise be limited. 
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3 Result 95 

3.1 Climatological mean state 

The depths of the Chl-a maxima from all profiles and cross-sections of Chl-a concentration from the quality-controlled 

data are shown in Figures 1a and 2, respectively. We selected the central latitudinal and longitudinal bands of the subtropics, 

the tropics, the Indian Ocean, the Pacific Ocean, and the Atlantic Ocean in Figure 2. The Chl-a concentration shows the 

subsurface maxima in large parts of the subtropics and tropics at depths below 80 and 40 m, respectively. The depth of the 100 

subsurface maximum is deeper than 120 m in the central subtropics and reaches 150 m approximately 25°S, 100°W in the 

South Pacific. The subsurface maxima in the subtropics and the tropics were deeper than the mixed layer (Figures 3a and 4). 

In the Southern Ocean and the northern North Atlantic, several patches of subsurface maxima at depths greater than 80 m 

can be seen, however, these depths are generally shallower than the mixed layer depth (Figures 1a, 3a, and 4d–f). The Chl-a 

concentrations at the subsurface maxima are 0.1–0.2 mg/m3 in the subtropics, 0.2–0.5 mg/m3 in the tropics, and >0.5 mg/m3 105 

in the subarctic (Figures 1e and 2). 

The long-term mean of the euphotic layer depth is greater than 80 m in the subtropics, south of 60°S, and the Arctic 

Ocean and deeper than 40 m in other regions (Figure 1b). The euphotic layer depth is greater than the mixed layer depth in 

the subtropics, south of 60°S, the Arctic Ocean, and the tropics but shallower in the northern subtropics and the Southern 

Ocean (Figures 1b and 4). The spatial distribution of the euphotic layer depth is similar to that of the subsurface Chl-a 110 

maximum depth (Figure 1a and b), but a substantial difference can be found (Figures 3 and 4). The depth of the subsurface 

Chl-a maximum is greater than the euphotic layer depth in the subtropics but shallower than the euphotic layer depth in other 

regions. 

The nitrate concentration is less than 1 μmol/kg in the surface layer where the subsurface Chl-a maximum is deep 

(Figures 1c and 4). The nitrate concentration at the deep subsurface Chl-a maximum is also low (Figure 1f). At the 115 

subsurface Chl-a maximum, the nitrate concentration is greater than 5 μmol/kg in the subarctic and eastern tropics but less 

than 1 μmol/kg in the subtropics and the Arctic Ocean. 

The subtropics are mostly oversaturated with oxygen mainly at depths greater than 40 m and at 80 m or deeper in some 

places (Figures 1d and 4). The lower limit of oxygen oversaturation in the subtropics is mostly below the mixed layer and 

above the subsurface Chl-a maximum (Figures 1d and 3c). 120 

3.2 Seasonal variation 

The subsurface Chl-a maximum in the subtropics can be seen during both winter and summer (Figures 5a and 6) below 

the mixed layer in both seasons (Figure 6). The euphotic layer is deeper than the mixed layer between 20°N and 30°S in the 

Indian Ocean and the western Pacific and between 20°N and 20°S in the Atlantic Ocean and the eastern Pacific in both 

seasons, and in the whole summer hemisphere (Figures 5b, 6d, and 6e). The summer deepening of the euphotic layer is more 125 

than 15 m in the 20° to 40° latitudinal bands in both hemispheres (Figures 5e and 6f). North of 50°N and south of 60°S, the 
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euphotic layer is deeper in winter than in summer. The seasonal difference in the Chl-a maximum depth shows the same 

tendency as that of the euphotic layer (Figure 5d). Oxygen below the mixed layer is oversaturated north of 10°N and in 10–

45°S in summer (Figures 5c, 6b, 6d, and 6e). The subsurface oxygen concentration is higher in summer than in winter at 

approximately 15° to 40° latitudes (Figures 5f, 6c, and 6f). 130 

Counting the months when the Chl-a maximum was deeper than the mixed layer, the subsurface Chl-a maximum was 

observed stably in the subtropics and tropics (30°S to 30°N), only in summer in midlatitudes (30° to 40°), and rarely at 45–

60°S of the Southern Ocean and in the northern North Atlantic (north of 45°N) (Figures 7a and 8). Here, the Chl-a maxima 

shallower than the mixed layer were not taken into account because they are often contaminated with the subsurface 

fluorescence maximum (see Section 4). Ratio of months when the euphotic layer was deeper than the mixed layer shows 135 

similar pattern to ratio when the euphotic layer was deeper than the subsurface Chl-a maximum except for the northern 

North Atlantic (Figure 7b). In the midlatitudes, the Chl-a concentrations were high in the whole mixed layer in winter and 

still high in the subsurface but low on the surface in summer when the mixed layer becomes shallow (Figure 8c). At 45–60°S 

of the Southern Ocean and the northern North Atlantic, the Chl-a concentration was high in the mixed layer in summer and 

low in winter (Figure 8h and 8i). In the subarctic North Pacific, the seasonal cycle of the Chl-a concentration is similar to 140 

that in the subarctic North Atlantic, although the surface Chl-a concentration is relatively low and the subsurface Chl-a 

maximum appears under the mixed layer in midsummer (Figure 8g). 

3.3 El Niño–Southern Oscillation (ENSO)-related variation 

A subsurface Chl-a maximum along the equator can be seen during El Niño and La Niña (Figure 9a and 9b). Below the 

mixed layer, the Chl-a concentration is lower west of 160°E during El Niño but higher east of 170°W (Figure 9c). Although 145 

the difference in the Chl-a concentrations between El Niño and La Niña is noisy above the mixed layer, most of the 

significant difference is negative east of 150°E (Figure 9c). Satellite-derived surface Chl-a concentrations show lower values 

during El Niño than those during La Niña east of 150°E in line with the Chl-a change from the profile data (Figure 9d). The 

euphotic layer is deeper, and PAR is weaker during El Niño east of 150°E (Figure 9e and 9f).  

4 Discussion 150 

The spatial distribution of the subsurface Chl-a maximum in the subtropics shown in the present study (Figures 1a and 2) 

corresponds to the bowl-shaped thermocline structure of the subtropical gyre (Pedlosky, 1990). The deep thermocline in the 

central subtropics suppresses nutrient supply to the surface, causing low nutrient and Chl-a concentrations therein. 

Uitz et al. (2006) explained that the greater depth of the subsurface Chl-a maximum corresponds to lower surface Chl-a 

concentrations because light proceeds until it is absorbed by chlorophyll. Our study showed that the depth of the subsurface 155 

Chl-a maximum is roughly consistent with the depth of the euphotic layer in the world ocean (Figure 1a and 1b). However, 

Chl-a in the central subtropics retains maximum concentrations at weaker than 1% light levels, the so-called twilight zone 

(Figures 3 and 4). This is because nutrient concentration is quite low in the surface layer and light scatters away until it 
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reaches a layer where nutrients are available (Beckmann and Hense, 2007). Also, PAR at the bottom of the euphotic layer is 

relatively large in the subtropics (Letelier et al. 2004), and photoacclimation allow Chl-a to increase in the low PAR layer 160 

(Cornec et al. 2021; Masuda et al. 2021). When nutrients are available at a shallow layer, Chl-a retains maximum 

concentrations at stronger than 1% light level as in the tropics and subarctic (Figures 1, 3, and 4). Note that Chl-a 

concentrations below the Chl-a maximum are still significant, including those below the euphotic layer in the tropics and 

subarctic (Figure 2). 

The subsurface Chl-a maxima deeper than the mixed layer, in the world ocean can be categorized into three types 165 

depending on their seasonal cycles: (a) stable maximum all year round in the subtropics and tropics (30°S to 30°N); (b) 

summer maximum in the midlatitudes (30° to 40°); and (c) rare maximum in 45–60°S of the Southern Ocean and the 

northern North Atlantic (north of 45°N) (Figures 7 and 8). The category of the subsurface Chl-a maximum also corresponds 

with the seasonal cycle of the surface Chl-a. Surface Chl-a is subjected to nutrient limitation and is low in all seasons in 

region A (Figure 8a, 8b, and 8d–f). In region B, nutrients are supplied by winter mixing, and a surface bloom is observed in 170 

winter; in contrast, surface nutrients get depleted, and the main body of Chl-a is left in the subsurface in summer (Figure 8c). 

In region C, the surface Chl-a concentrations increased after the shallowing of the mixed layer and with sufficient light in 

summer (Figure 8h and 8i). These features are consistent with regional studies in the literature (e.g., Baldry et al., 2020; 

Fujiki et al., 2020; Mignot et al. 2014; Sverdrup, 1953). The latitudinal dependence of the occurrence of the subsurface Chl-a 

maxima also pointed out in Cornec et al. (2021).  The low surface Chl-a concentration and subsurface Chl-a maximum under 175 

the mixed layer in midsummer in the subarctic North Pacific (Figure 8g) are due to iron limitations at the surface (Martin 

and Fitzwater, 1988; Nishioka and Obata, 2017). The Chl-a concentration in the subarctic shows a vertical gradient within 

the deep mixed layer in winter (Figures 6d, 6e and 8g–8i) probably because it increases with sporadic stratification (Ito et al., 

2015).  

Because the patches of the subsurface maxima deeper than 80 m in the Southern Ocean and the northern North Atlantic 180 

were mainly derived from profiling floats and often shallower than the mixed layer depth (Figures S1d and 3a), they would 

not be the subsurface Chl-a maximum but the subsurface fluorescence maximum (Falkowski and Kolber, 1995; Biermann et 

al., 2015). Meanwhile, south of 60°S in the eastern Indian sector of the Southern Ocean, the subsurface Chl-a maximum is 

deeper than the mixed layer (Figure 3a). Actually, a subsurface Chl-a maximum after a sea ice retreat has been reported there 

(Gomi et al., 2007). 185 

In the subtropics, nitrate concentrations were quite low even at the depths of the Chl-a maximum (Figure 1f). Nitrate 

concentration is not necessarily the index of available nutrients for phytoplankton. Nitrate is used as soon as it is supplied in 

the subtropics (Lewis et al., 1986). Biological production does not always require nitrate, and ammonium assimilation is 

more important in the subtropics than in the subarctic (Eppley and Peterson, 1979). Nitrogen fixation also contributes to 

biological production in the subtropics (Deutsch et al., 2007; Karl et al., 1997). Meanwhile, nitrate concentrations are high at 190 

the depths of the Chl-a maximum in the subarctic North Pacific and in the eastern tropical Pacific because the limiting factor 

of biological production is not nitrate but iron (Landry et al., 1997; Martin and Fitzwater, 1988; Martin et al., 1990). 
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Oxygen oversaturation in the subtropics can be seen below the mixed layer depth and above the subsurface Chl-a 

maximum (Figures 1d, 3c, and 4). Biological production per Chl-a concentration is generally more effective under high light 

levels (Yoder, 1979). The generated oxygen in the deeper layer would be cancelled out by the remineralisation of sinking 195 

particles (Martin et al., 1987). In any case, substantial new production is in the subtropics. Seasonal oxygen production in the 

subtropical subsurface layer from winter to summer sometimes retains approximately 5–10 μmol/kg of oxygen (Figures 5f, 

6c, and 6f). When the seasonal oxygen production is integrated into the 50–150-m depth, it becomes 500–1000 mmolO/m2/6 

months. Assuming a Redfield ratio of 276O:106C, it is converted to 200–400 mmolC/m2/6 months. This is consistent with 

the net community production values of 1.6 ± 0.2 molC/m2/yr and 0.9 ± 0.4 molC/m2/yr, half of which were in the surface 200 

layer, in the subtropical North and South Pacific by Riser and Johnson (2008). The satellite-derived NPP in the subtropics is 

approximately 20 mmol/m2/day and 3600 mmolC/m2/6 months (not shown here). Consequently, new production derived 

from subsurface oxygen production in the subtropics is estimated at approximately 10% of the NPP. This is consistent with 

the f-ratio of 15% reported at station ALOHA (23°N 158°W; Karl et al., 1996), considering small but nonzero seasonal 

dissolved inorganic carbon drawdown reported in the subtropical surface layer (Yasunaka et al., 2013, 2021). However, it 205 

should be noted that oxygen production is sometimes not associated with biomass increase in shallow layers in the subtropics 

(Fujiki et al., 2020). 

Seasonal nitrate reduction with oxygen production in subsurface layers cannot be deduced (not shown here), probably 

because the number and quality of nitrate observations are insufficient for detection. Another possibility is that nitrogen 

fixation substantially contributes to biological production (Deutsch et al. 2007; Karl et al., 1997). 210 

Lower Chl-a concentrations at the surface during El Niño (Figure 9c and 9d) result from the reduced upwelling of 

nutrient-rich subsurface water to the surface (Chavez et al., 1999). Although Matsumoto and Furuya (2011) showed that 

subsurface Chl-a concentrations averaged in the western Pacific warm pool region had no substantial change associated with 

ENSO, subsurface Chl-a concentrations at the fixed grids decrease during El Niño west of 160°E (Figure 9c).  

The inverse correlation of the surface and subsurface Chl-a concentrations in the central and eastern tropical Pacific 215 

associated with ENSO (Figure 9c) may be because a decrease in surface Chl-a concentrations increases light intrusion to the 

subsurface (Figure 9d and 9e). This then increases the subsurface Chl-a concentrations, as Uitz et al. (2006) formulated. In 

Uitz et al. (2006), the Chl-a profile in stratified water is parameterized to increase the subsurface Chl-a concentrations with 

decreasing surface Chl-a concentrations. The inverse correlation associated with ENSO has been presented in model results 

(Lee et al., 2014; Kang et al., 2019). However, the subsurface signals in those models are much weaker than the surface 220 

signals, unlike those in this study (see Figure 4 in Uitz et al., 2006, and Figure 11 in Lee et al., 2014). Thus, the subsurface 

response in this process may have been underestimated. 

5 Conclusion 

The present study provides the first view of the global maps of subsurface Chl-a maxima and their seasonal variation and 

interannual variation associated with ENSO. Using in situ Chl-a concentration data, we found the dynamic variability of 225 

https://doi.org/10.5194/os-2021-88
Preprint. Discussion started: 22 September 2021
c© Author(s) 2021. CC BY 4.0 License.



8 

 

subsurface Chl-a concentration in time and space. The subsurface Chl-a maximum was observed stably in the subtropics and 

tropics (30°S to 30°N), only in summer in the midlatitudes (30–40°N/S), and rarely at 45–60°S of the Southern Ocean and in 

the northern North Atlantic (north of 45°N). It extends deeper than the bottom of the euphotic layer in the subtropics but 

shallower in the tropics and midlatitudes. The subsurface Chl-a maxima at 20° to 40° latitudinal bands tend to deepen in 

summer with the seasonal deepening of the euphotic layer. The seasonal oxygen increase below the mixed layer in the 230 

subtropics implied substantial biological new production. During El Niño, the subsurface Chl-a concentrations in the 

equatorial Pacific are higher in the middle to the east and lower in the west than that during La Niña, which is opposite that 

on the surface. 

Chl-a concentration varies dynamically in time and space not only on the surface but also in the subsurface ocean. The 

maps presented in this study would be useful to validate ocean biogeochemical and Earth system models and should 235 

facilitate development of the models. Chl-a concentration also relates to the absorption of shortwave radiation, and the 

vertical distribution of shortwave radiation affects the thermal structure and the dynamics of the ocean (Lewis et al., 1990; 

Siegel et al., 1995). Therefore, continuously measuring and archiving Chl-a data are desirable. Increasing the coverage of 

biogeochemical floats with Chl-a sensors is a promising way of increasing subsurface Chl-a data (Chai et al., 2020). 
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Figure 1: (a–d) Depths of the chlorophyll a (Chl-a) maximum, euphotic layer, nitrate depleted layer (<1 μmol/kg of nitrate), and 

oxygen oversaturated layer, respectively. (e and f) Chl-a and nitrate concentrations at the Chl-a maximum. The hatched areas 

show that the mixed layer is deeper than the euphotic layer in panel (b), nitrate deplete layer in panel (c), and oxygen saturation 

layer in panel (d). 410 
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Figure 2. Cross-sections of chlorophyll a (Chl-a) concentrations at (a) 15–30°N (northern subtropics), (b) 2°S to 2°N (tropics), (c) 

35–20°S (southern subtropics), (d) 60–90°E (the Indian Ocean), (e) 160–130°W (the Pacific Ocean), and (f) 50–20°W (the Atlantic 

Ocean). The black dot shows the depth of the Chl-a maximum.  
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 415 

Figure 3. Depth difference between the chlorophyll a (Chl-a) maximum and (a) mixed layer, (b) euphotic layer, and (c) oxygen 

oversaturated layer. 
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 420 

Figure 4. Depths of the chlorophyll a (Chl-a) maximum (black cross), euphotic layer (magenta dot), nitrate depleted layer (<1 

μmol/kg of nitrate; green open circle), mixed layer (black line), and oxygen oversaturated layer (gray hatch) at (a) 15–30°N 

(northern subtropics), (b) 2°S to2°N (tropics), (c) 35–20°S (southern subtropics), (d) 60–90°E (Indian Ocean), (e) 160–130°W 

(Pacific Ocean), and (d) 50–20°W (Atlantic Ocean). 
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Figure 5. (a–c) Depths of the chlorophyll a (Chl-a) maximum, euphotic layer, and oxygen oversaturated layer in January–March 

(JFM) (top) and July–September (JAS) (middle), respectively. (d–f) Differences between Chl-a maximum depth, euphotic layer 

depth, and dissolved oxygen concentration at 50–150 m in JFM and those in JAS. The hatched areas show that the mixed layer is 

deeper than the euphotic layer in panel (b), oxygen saturation layer in panel (c), euphotic layer in winter in panel (e), and 50 m in 430 
summer in panel (f).  
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Figure 6. (a, b) Depths of the chlorophyll a (Chl-a) maximum (black cross), euphotic layer (magenta dot), nitrate depleted layer 

(<1 μmol/kg of nitrate; green open circle), mixed layer (black line), and oxygen oversaturated layer (gray hatch) at 15–30°N 

(northern subtropics) in (a) January–March (JFM) and (b) July–September (JAS). (c) Difference between dissolved oxygen 

concentration in JFM and that in JAS (shade), and depths of the Chl-a maximum, euphotic layer, and mixed layer in JFM and 435 
JAS (white and black crosses, magenta opened and closed dots, and solid and dashed black line, respectively) at 15–30°N. (d–f) 

Same as (a–c), but at 160–130°W (Pacific Ocean). 
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Figure 7. (a, b) Ratio of months when the chlorophyll a (Chl-a) maximum (a) and the euphotic layer (b) were deeper than the 

mixed layer. Data in grids with only one datum are omitted 440 
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Figure 8. Seasonal evolution of chlorophyll a (Chl-a) concentrations with the Chl-a maximum (black cross), euphotic layer 

(magenta dot), 1 μmol/kg of nitrate (green open circle), and mixed layer (black solid line) at (a) 2°S to 2°N, 120–170°E (western 

tropical Pacific), (b) 2°S to 2°N, 120–90°W (eastern tropical Pacific), (c) 30–40°N, 150-130°W (midlatitude North Pacific), (d) 10–

30°N, 120°E to 120°W (subtropical North Pacific), (e) 15–30°N, 70–30°W (subtropical North Atlantic), (f) 30–10°S, 50–0°W 445 
(subtropical South Atlantic), (g) 40–55°N, 160°E to 155°W (subarctic North Pacific), (h) 50–70°N, 30–0°E (subarctic North 

Atlantic), and (i) 60–45°S (Southern Ocean). 
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Figure 9. (a–c) Cross-sections of the chlorophyll a (Chl-a) concentrations in the equatorial Pacific (2°S to 2°N) during El Niño and 450 
La Niña, and the difference between them. The black dot denotes the depth of the Chl-a maximum in panels (a) and (b), and the 

significant difference in Chl-a concentration at 5% in panel (c). The black line denotes mixed layer depths for all years in panel (c). 

(d) Satellite-derived surface Chl-a concentration, (e) euphotic layer depth, and (f) surface photosynthetically active radiation along 

the equatorial Pacific during El Niño (black solid line) and La Niña (magenta open circle). 
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