
1.  Introduction
Satellite ocean color data have revealed large chlorophyll blooms in the North Pacific Subtropical Gyre 
(NPSG) that cover thousands of km2 and persist for weeks or longer (Dore et al., 2008; Landry, 2002; White 
et al., 2007; Wilson & Qiu, 2008). The most intense and most frequent blooms occur between 130–150°W 
and 28–32°N, but chlorophyll-a (chl) blooms also develop further south, in the region just north of Hawaii. 
The blooms are often made up of diatom-diazotroph assemblages (DDAs) of the diatoms Hemiaulus and 
Rhizosolenia containing the nitrogen fixing endosymbiont Richelia intracellularis (Anderson et al., 2018; 
Villareal et al., 2011, 2012). Episodic pulses of these DDAs can rapidly sink and could be responsible for the 
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evidence of subsurface mixing that could stimulate these surface chlorophyll features. Data are examined 
from 25 floats that measured 5,569 profiles near Hawaii between September 2002 to April 2021. Since 
not all floats had nitrate sensors, but all floats had oxygen sensors, nitrate concentrations were calculated 
from oxygen measurements using the “CArbonate system and Nutrients concentration from hYdrological 
properties and Oxygen using a Neural-network” model. There were 14 times when the nitracline, defined 
as the depth where nitrate is 1 µmol kg−1, reached 100 m during the summer (June–September). In six 
of these 14 episodes, the nitracline anomaly was the result of shoaling isopycnals. During the other eight 
episodes nitrate increased along isopycnal surfaces, indicating diapycnal mixing was occurring. In these 
events, referred to as injection events, perturbations to the vertical nitrate distribution extended all the 
way down to 300 m depth, and lasted up to 3.5 months, spanning hundreds of kilometer. Seven of the 
eight injection events occurred within cyclonic eddies, one occurred within an anticyclonic eddy. The 
timing of the injection events often coincided with a change in eddy dynamics, either eddy speed or eddy 
transformation. The injection events in cyclonic eddies were followed by a surface increase in chlorophyll 
in the surrounding area as observed in satellite data.

Plain Language Summary  Satellite data have revealed large expanses of increased 
phytoplankton in the North Pacific Ocean, that develop during summer between Hawaii and California. 
These blooms are probably fueled by subsurface nutrient injections, but the exact mechanism is not 
known. To understand this phenomenon requires nutrient data in the surface water during their 
development. But such data are difficult to acquire with traditional ship surveys because of the large area 
where the blooms develop. However, there are ocean floats that acquire profiles of physical and chemical 
data every few days, and some of these have been deployed in the bloom region. Here these float data are 
examined and they show episodes when deep, nutrient-rich water rises up into the surface water. When 
these events occur in summer, they are followed by the development of a chlorophyll bloom as seen in 
satellite data. Seven of the eight injection events occurred within cyclonic eddies, one occurred within 
an anticyclonic eddy. The timing of the injection events often coincided with a change in eddy dynamics, 
either eddy speed or eddy transformation. This is the first time we have subsurface biogeochemical data 
concurrent with the development of a chlorophyll bloom in this region.
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summer export pulse in particulate matter export to the deep sea that occurs every mid-July to mid-August 
in this region (Karl et al., 2012).

The physical dynamics that stimulate the blooms remain unknown. Episodic injections of subsurface nutri-
ents from eddy dynamics are likely the cause but the exact mechanism is unknown. There are two primary 
ways that eddies can perturb the vertical distribution of nutrients. Upwelling in the center of cyclonic ed-
dies can lift up isopycnals and isopleths of nutrients into the euphotic zone, a process termed eddy pumping 
(Falkowski et al., 1991; Martin & Pondaven, 2003; McGillicuddy & Robinson, 1997). Cyclonic eddies exhib-
iting eddy pumping behavior regularly occur in the lee of Hawaii (Benitez-Nelson & McGillicuddy, 2008; 
Nencioli et al., 2008; Seki et al., 2001).

Another mechanism is submesoscale frontal processes that occur at the periphery of eddies, and can in-
duce large vertical velocities (Lévy, 2008; Mahadevan et al., 2008; Spall & Richards, 2000). A number of 
authors have evoked this mechanism, vertical velocities driven by frontogenesis, to explain the NPSG chl 
blooms (Calil et al., 2011; Calil & Richards, 2010; Guidi et al., 2012). However, Ascani et al. (2013) argued 
this process would not be effective in the NPSG, where there is a large vertical offset between the frontal 
processes in the surface layer and the deep nitracline (at ∼150 m depth). However, the eddy field clearly 
plays a role in the dynamics of the surface chl blooms since they are usually wrapped around eddies, in a 
manner consistent with horizontal stirring concentrating chl in convergence zones (Calil et al., 2011; Calil 
& Richards, 2010; Guidi et al., 2012). Associated with horizontal stirring, dilution and dispersal effects can 
reduce the amount of grazing, which will also help to sustain the blooms (Lehahn et al., 2017). The chl 
blooms generally develop near 30°N (Wilson & Qiu, 2008), a latitude that has been called a critical latitude 
(Dong et al., 2019; Hibiya et al., 2007; MacKinnon & Winters, 2005) because dynamics occur there which 
can lead to enhanced mixing. It has also been proposed that the blooms could be stimulated by nutrient 
injection from breaking internal waves at the critical latitude (Wilson, 2011).

The proposed mechanisms of nutrient injection are impossible to investigate without in situ data, which 
are difficult to obtain in this relatively isolated part of the ocean. There have been a number of cruises in 
this area at the time of year when the blooms develop (Guidi et al., 2012; Shcherbina et al., 2010; Villareal 
et al., 2011, 2012; Wilson et al., 2013), but the limited temporal and spatial resolution that can be obtained 
with shipboard observations makes these measurements ill-suited to capture episodic phenomena in the 
ocean. Monthly measurements of physical and biogeochemical parameters have been made at the Hawaii 
Ocean Time-series (HOT) station at 22°45’N, 158°W since 1998 (Karl & Lukas, 1996), and episodic injec-
tions of nitrate into the euphotic zone are evident in the HOT data, appearing almost every year (Karl 
et al., 2008). However, it is likely that the monthly sampling of the HOT program could miss short-lived 
events occurring between measurements. Additionally, given the spatial variability in the surface chl dis-
tribution in this region (Wilson & Qiu, 2008), data are needed that have more spatial coverage than can be 
obtained from eularian measurements.

There have been 32 Biogeochemical-Argo (BGC-Argo) floats (Claustre et al., 2020) deployed around Hawaii 
in the North Pacific. Data from some of these floats have been used to examine biochemical processes in 
this region, including observations of episodic subsurface injections of nitrate (Ascani et al., 2013; Johnson 
et al., 2010; Riser & Johnson, 2008; Xiu & Chai, 2020). Johnson et al. (2010) concluded that subsurface ni-
trate injection is a major factor sustaining productivity in the NPSG, but they also noted that this transport 
of nitrate is not sufficient to support the amount of production occurring in the mixed layer, and suggested 
that biologically induced transport by vertically migrating phytoplankton (Villareal et al., 1999, 2014) could 
be a factor. Ascani et al. (2013) concluded that the observed nitrate anomalies are largely associated with 
vertical displacements of isopycnal surfaces from changes in the eddy field. Xiu and Chai (2020) observed 
that uplift of the nitracline in cyclonic eddies enhanced chl in the subsurface chl maximum. Evidence of 
late summer blooms was also inferred from excess oxygen production within the subsurface oxygen maxi-
mum (Riser & Johnson, 2008). These previous studies of BGC-Argo data in the NPSG have focused on the 
subsurface dynamics, but none of them have looked at the possible connection between subsurface dynam-
ics and the surface chl blooms observed by satellite data. There have been some studies that have examined 
BGC-Argo data in conjunction with satellite chl blooms in other regions (Jayaram et  al.,  2019; Lotliker 
et al., 2018; Mayot et al., 2017; Sauzède et al., 2020).
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Here the BGC-Argo float data from the NPSG (between 10°40°N, and 140°–180°W) are analyzed to look for 
evidence of subsurface injections that could be driving the chl blooms observed in satellite data. Since 2002, 
32 BGC-Argo floats have been deployed in this region. Here data from 25 of these floats are examined (Fig-
ure 1). This data set comprises 5,569 profiles between 177°–141°W and 10°–37°N, and is substantially larger 
than has previously been examined for evidence of subsurface nutrient injections (Ascani et al., 2013; John-
son et al., 2010). Since not all floats had nitrate sensors, but all floats had oxygen sensors, nitrate concentra-
tions were calculated from oxygen measurements using the CArbonate system and Nutrients concentration 
from hYdrological properties and Oxygen using a Neural-network (CANYON-B) model (Bittig et al., 2018; 
Sauzède et al., 2017). Satellite chl data from the Ocean Colour Climate Change Initiative (OC-CCI) data set 
(Sathyendranath et al., 2019) are used to examine the surface conditions around several large subsurface in-
jection events. Sea-level anomalies (SLA) derived from satellite altimetry and eddy trajectory data (Chelton 
et al., 2011; Schlax & Chelton, 2016) are used to look at the relationship between subsurface injections, eddy 
dynamics and the development of surface chl blooms.

2.  Data
2.1.  BGC-Argo Floats

The synthetic profile data files (Bittig et al., 2021) from 32 BGC-Argo floats in the NPSG region (Figure 1) 
were downloaded from https://biogeochemical-argo.org/data-access.php. The data have undergone quality 
control checking and adjustments for initial sensor calibration errors by the Argo data management team 
(Bittig et  al.,  2019; Schmechtig et  al.,  2015; Thierry et  al.,  2021), and the adjusted values were used for 
all parameters. The parameters measured by the floats vary (Table 1), however all floats measured tem-
perature, salinity, and oxygen. The floats were all Autonomous Profiling Explorers (APEX) with optode 

Figure 1.  Map of profile locations from 25 float profiles in the North Pacific Subtropical Gyre. Red points indicate profiles with nitrate >1 μmol kg−1 at 100 m 
in the summer (June–September). Overlain is the percentage of times satellite chl > 0.1 mg/m3 in July–October of 1997–2020 from weekly OC-CCI data, 
indicating the locations where chl blooms develop the most frequently.

https://biogeochemical-argo.org/data-access.php
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oxygen sensors. Oxygen data from the BGC-Argo floats has been found to be accurate to within 1% (Johnson 
et al., 2017). All of the oxygen data used had a quality control (QC) flag of 1, indicating that all of the QC 
tests had been passed (Bittig et al., 2019). Almost all of the data had gone through delayed mode processing. 
The exception was the most recent data (data collected after August 30, 2020, <1% of the profiles) which 
were real time data that had been adjusted.

The CANYON-B model (Bittig et al., 2018; Sauzède et al., 2017) was used to calculate nitrate from the float's 
temperature, salinity, oxygen, and geolocation data. Seven floats were of short duration or had issues with 
their oxygen sensor and their data were not further analyzed (WMO floats 5900588, 5900958, 5901338, 
5903753, 5903754, 5904132, and 5904655). Complete sections of the surface nitrate (top 300 m) from all of 
the floats are shown in Figure S2 in Supporting Information S1).

Data from 25 floats, named F1-F25 here, were analyzed, spanning a timeframe from September 2002 to 
April 2021 (Table 1). In total 5,569 float profiles were analyzed. The float trajectories range between 175°–
141°W and 10°–37°N (Figure 1), but 85% of the profiles occurred within the narrower latitude range of 
20°–26°N (Figure 2). Floats profiled at either 1-, 5- or 10-day intervals (Table 1). Nitrate data from F7–F10 

Float ID WMO ID
Average Lat 

(°N)
Average Long 

(°W) Start End N
Average Δtime 

(days) Duration (years) Parameters Events

F1 4900093 23.2 155.2 09/08/02 06/27/05 96 10.8 2.81

F2 5900952 21.6 160.9 06/03/05 03/18/07 118 5.6 1.79 E1, E2

F3 5901069 25.4 164.1 03/13/06 08/11/07 101 5.2 1.42 E9

F4 5901071 23.0 158.8 05/29/06 03/12/09 203 5.0 2.80

F5 5901073 22.5 156.7 05/29/06 02/11/08 122 5.1 1.71

F6 5901072 22.2 148.8 08/20/06 05/11/12 213 9.9 5.74

F7 5901468 23.4 151.4 12/23/07 10/22/11 239 5.9 3.84 N

F8 1901379 23.1 162.9 11/06/09 11/05/13 293 5.0 4.01 N E3

F9 5903272 23.4 157.4 05/21/10 06/25/15 360 5.2 5.11 N E4

F10 5903611 22.8 164.7 11/03/11 11/09/17 299 5.2 6.04 N

F11 5903385 23.8 152.5 01/10/11 04/08/15 426 5.2 4.26 N E3

F12 5903741 24.1 151.0 03/27/12 02/20/21 260 12.6 8.93 P E5

F13 5903888 24.3 151.2 07/09/12 01/07/18 279 7.2 5.52

F14 5903893 23.0 150.6 10/03/12 05/05/16 264 5.0 3.60 P E7

F15 5904093 21.7 162.1 02/15/13 10/29/18 272 7.7 5.72 E6, E8

F16 5904094 22.4 157.7 02/15/13 01/04/17 285 5.0 3.90 N E11

F17 5904124 24.7 150.3 05/20/13 06/02/16 221 5.0 3.05 N, C, B, P

F18 5904172 22.5 157.9 01/18/14 09/15/14 65 3.8 0.66 N, C, B, P

F19 5906040 23.5 157.0 06/14/19 04/04/21 242 2.7 1.81 N, C, B, P E10

F20 5906039 22.1 153.7 07/04/19 06/04/20 299 1.1 0.92 N, C, B, P

F21 5901336 23.1 157.4 08/21/06 12/14/10 156 10.2 4.33

F22 5901337 15.5 154.2 08/21/06 07/14/07 37 9.1 0.90

F23 5901339 13.9 159.3 08/22/06 05/07/11 170 10.2 4.72

F24 5904128 33.4 146.3 07/31/13 07/18/17 280 5.2 3.98 N E12, E13, 
E14

F25 5904127 36.3 159.9 07/07/13 05/02/17 269 5.2 3.83 N

Note. The abbreviated float number used here is shown along with the WMO float ID, the average latitude, average longitude, the start and end dates, the number 
of profiles, the average number of days between profiles, and which parameters other than oxygen were measured. N = nitrate, C = chl, B = backscatter and 
P = pH. The injection events observed by the floats are also indicated. BGC-Argo, Biogeochemical-Argo.

Table 1 
List of Information on the 25 BGC-Argo Floats Used Here
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and F12 have been published previously (Ascani et al., 2013; Johnson et al., 2010; Xiu & Chai, 2020). Meas-
urements were made every 5 m in the surface 100 m, every 10 m between 100–400 m depth, and every 50 m 
below 400 m depth (Johnson et al., 2017). Only the top 300 m of data are shown here.

Nitrate anomalies are identified at two depth levels. At 100 m, levels above 1 µmol kg−1 are considered 
anomalous, and at 300 m, levels above 15 µmol kg−1 are considered anomalous. Events are identified anom-
alous nitrate values at 100 m. Because the objective is to look at the connection between nitrate injections 
and the summer chl blooms, only injections that occurred in June–September are examined. The nitracline 
depth is calculated as the depth where nitrate is 1.0 µmol kg−1 (Ward et al., 1989). The mixed-layer depth 
(MLD) is calculated as the depth where temperature values are within 0.8°C of the shallowest value (Kara 
et al., 2003). The MLD varies between 12 and 120 m, with an average value of 67 m across all floats.

2.2.  Satellite Data

Weekly composites of chl from the ocean color climate change initiative (OC-CCI) data set (Sathyendranath 
et al., 2019) at 4 km spatial resolution, were used to look at surface chl values around the injection events. 
These data were also used to calculate the prevalence of blooms in the region around the float locations 
(Figure 1). The OC-CCI data set merges data from the SeaWiFS, Aqua-MODIS, MERIS, and VIIRS sensors 
to create a continuous data product from 1997. The chl satellite data were accessed from the ERDDAP 
(Simons, 2020) at NOAA's Southwest Fisheries Science Center Environmental Research Division (https://
coastwatch.pfeg.noaa.gov/erddap/). Daily Sea Level Anomaly (SLA) data were obtained from the Coperni-
cus Climate Change and Atmosphere Monitoring Services (https://cds.climate.copernicus.eu/).

2.3.  Eddy Data

Eddy trajectory and statistics data (version DT2.0exp) were obtained from AVISO+ (https://www.aviso.al-
timetry.fr). This data set is produced by SSALTO/DUACS, and developed and validated in collaboration with 
D. Chelton and M. Schlax at the Oregon State University using a modified method (Schlax & Chelton, 2016) 

Figure 2.  Histogram of the latitude of all 5,569 float profiles. 85% of them occurred between 20–26°N.

https://coastwatch.pfeg.noaa.gov/erddap/
https://coastwatch.pfeg.noaa.gov/erddap/
https://cds.climate.copernicus.eu/
https://www.aviso.altimetry.fr
https://www.aviso.altimetry.fr
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of Chelton et al. (2011). Satellite sea surface height data is used to identify 
eddies and classify them as either cyclonic or anticyclonic. All eddies are 
given a unique 6-digit track number, and the rotational speed, amplitude 
and radius of each eddy are calculated for every point along its trajec-
tory. The proximity to an eddy was determined for each float profile by 
identifying the closest eddy that was within 0.5° of latitude and longitude 
(Chelton et al., 2011; Schlax & Chelton, 2016).

3.  Results and Discussion
Since not all floats measured nitrate, but all measured oxygen, nitrate was 
calculated for all floats using the CANYON-B model (Bittig et al., 2018; 
Sauzède et al., 2017) and temperature, salinity, oxygen, and geolocation 
data from the float data. Twelve floats measured nitrate (Table 1), and 
for those floats the nitrate values calculated from the CANYON-B mod-
el were compared to those measured from the nitrate sensors for each 
float separately (Figure S1 in Supporting Information S1). The correla-
tion coefficients range between 0.995–1.0, indicating the CANYON-B 
model does an excellent job of estimating nitrate from oxygen concentra-
tion and physical parameters. To see how this correlation behaves at 100 
and 300 m, depths used here to identify events, data were pooled across 
floats, and correlations between measured and modeled estimated nitrate 
were made at 100 and 300 m (Figure 3). The data at 100 m are noisier 
(r2 = 0.86) than the data at 300 m (r2 = 0.93). While some of the nitrate 
data measured directly from the floats had a QC label of 3 (red points on 
Figure 3), indicating they are probably bad data (Bittig et al., 2019), the 
consistent feature of the biggest outliers is not their QC but their float id, 
they are all from F24 (squares on Figure 3a). If data from F24 is removed 
the correlation at 100 m increases to r2 = 0.91.

The nitracline depth ranges between 12 and 232  m depth across the 
study area (Figure 4a). The nitracline is deepest between 20°–25°N, and 
becomes shallower both equatorward and poleward. North of 36°N the 
nitracline is always shallower than 100 m. Float profiles at the southern 
(F22, F23) and northern (F24, F25) boundaries of the NPSG are high-
lighted on Figure 4. A slightly different pattern occurs with the density 
of the nitracline. The nitracline density is lowest at low latitudes, ranging 
between 22.5–24 kg m−3 at 10°S, and increases with increasing latitude, 
to values >25.5 kg m−3 above 35°N (Figure 4b).

To identify subsurface nitrate injection that could be precursors to surface chl blooms, profiles with nitrate 
>1 µmol kg−1 at 100 m depth were identified. This analysis excluded data from F23 and F25, as these floats 
are at the southern and northern boundaries of the gyre (Figure 1), where the nitracline is almost always 
above 100 m (Figure 4). Of these 5,130 profiles (excluding F23 and F25), the nitracline shoaled past 100 m 
depth 471 times (9.2%). The events occurring during the late spring and summer are of primary interest here 
because they could be linked to the surface chl blooms that develop in this region (Dore et al., 2008; Lan-
dry, 2002; White et al., 2007; Wilson & Qiu, 2008). Narrowing this analysis to the months of June–Septem-
ber yielded 36 profiles (0.6%). Accounting for the fact that some of these occurrences are clustered together 
in time and space (Figure 1), resulted in the identification of 14 different events, referred to here as E1–E14 
(Table 2). These events were separated into two groups. One group (E1–E8) contains injection events, where 
nitrate is elevated along isopycnals for many weeks. These injection events are defined as nitrate >15 µmol 
kg−1 at 300 m. The other group (E9–E14) contains events where the nitrate anomalies are the result of shoal-
ing isopycnals without any diapycnal mixing.

Figure 3.  Comparison between nitrate measured by the Biogeochemical-
Argo nitrate sensor and nitrate estimated using the “CArbonate system 
and Nutrients concentration from hYdrological properties and Oxygen 
using a Neural-network” model from data at (a) 100 m and (b) 300 m 
depth. Nitrate data measured from the floats with questionable data 
(QC = 3) are colored red. Data from F24 are shown as squares.
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Most of the injection events only had one or two profiles with nitrate >1 µmol kg−1 at 100 m depth, suggest-
ing the events are relatively short-lived, however it is evident from the vertical nitrate structure that these 
events last for several months (Figure 5). Nitrate values above 15 µmol kg−1 at 300 m (the yellow lines on 
Figure 5) are used to identify the duration of these subsurface nitrate injections. The dates and positions of 
the first and last profiles with nitrate >15 µmol kg−1 at 300 m are used to calculate the duration and spatial 
extent of these events. The summer injections lasted between 10 and 111 days and spanned distances of 
30–295 km (Table 2). There is no clear pattern as to when the perturbation at 100 m occurs relative to the 
start of the event at 300 m. Sometimes the manifestation at 100 m is at the start of the event (E1, E2, E4), 
sometimes it is in the middle (E3, E5) and sometimes it is at the end (E7). One of the events, E3, was ob-
served at different times and locations by two different floats, F8 and F11 (Figures 5c and 5d). The event ob-
served by F8 occurred in May 2012, about a month before the event in F11, and while there was no signal at 
100 m in May in F11 there was at 300 m. The distance between these two floats ranged between 134–202 km 
during May and June.

The nitrate distribution generally mirrors the density distribution (gray lines on Figure 5), however changes 
in the iso-nitrate surfaces appear sharper than those of density during the injection events. Nitrate sections 
plotted against density (Figure 6), confirm that these subsurface injection events cause nitrate anomalies 
along isopycnal surfaces, indicating diapycnal mixing of nitrate during these events. The iso-nitrate surfaces 

Figure 4.  Nitracline (a) depth and (b) density against latitude for all float profiles.
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of 15 µmol kg−1 are generally flat throughout the year, but are uplifted on density surfaces for weeks or 
months around the events manifest at 100 m. The uplift of the iso-nitrate surface of 15 µmol kg−1 is particu-
larly well-defined for E1, E4, E5, and E6.

Six of the 14 of the events where nitrate >1 µmol kg−1 at 100 m depth were not associated with nitrate per-
turbations deeper in the water column (Figure 7). While three of these events (E12–E14) occur with nitrate 
>15 µmol kg−1 at 300 m, these all occur in F24, which occurs near the boundary of the gyre where the nitra-
cline is shallower (Figure 4). Nitrate sections plotted against density for these events (Figure 8), indicate that 
there is not an isopycnal increase of nitrate near 300 m for any of these six events. Additionally, only two of 
these six events, E10 and E11, show evidence of nitrate increasing isopycnally at 100 m depth.

Next the events are examined for their location within the local eddy field, and their possible connection to 
the development of surface blooms of chl. The injection events are examined first (E1–E8, Figure 9), and 
then the events without diapycnal mixing (E9–E14, Figure 10).

Event Float Date, 100 m
Start, 300 

m
End, 300 

m

Duration 
at 300 m 

(days)

Distance 
at 300 m 

(km)

Surface 
Chl 

increase Eddy

Eddy 
age 

(days)

E1 F2 9/28/2005 9/6/2005 11/7/2005 62 24 Yes 274078 67

E2 F2 7/27/2006 8/13/2006 9/26/2006 44 141 Yes 279677 115

E3 F8 5/10/2012 5/5/2012 5/15/2012 10 47 Yes 321576 56

E3 F11 6/12/2012 5/12/2012 7/8/2012 57 142 Yes 321660 85

E4 F9 7/23/2014 7/23/2014 8/8/2014 16 30 Yes 337839 23

7/28/2014

E5 F12 9/9/2014 7/20/2014 10/20/2014 92 76 Yes 335139 210

E6 F15 5/30/2014 5/30/2014 7/8/2014 39 133 Yes 335073 111

6/22/2014

6/30/2014

E6 F15 8/24/2014 8/16/2014 11/17/2014 93 216 Yes 335073 189

9/1/2014

E7 F14 9/26/2014 7/3/2015 10/22/2015 111 295 Yes 344355 37

342578 127

345123 -1

E8 F15 7/19/2018 8/28/2018 8/28/2018 < 10 - No 175009a 97

7/27/2018

E9 F3 6/25/2007–8/11/2007 - - - No 288000

E10 F19 9/13/2019 - - - Yes 374105

9/22/2019

E11 F16 9/18/2014 - - - Yes 337284

E12 F24 8/5/2013 - - - No 140630a

8/10/2013 141112a

E13 F24 6/6/2015 - - - No 136355a

6/12/2015 150717a

E14 F24 6/3/2016–9/15/2016 - - - No 350704
aAnticyclonic eddy.

Table 2 
Summary Information on the 14 Subsurface Injection Events Observed, Including the Date, Latitude, and Longitude of 
Their Start and Termination, How Long the Events Lasted, the Distance It Spanned, the Track Number for the Eddy or 
Eddies Associated With the Events, and the Age of the Eddy at the Initiation of the Injection Event
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The first event, E1, occurred just south of Kauai in September–October 2005. Nitrate was elevated at 300 m 
between September–November (Table 2). When the injection first started in early September, the float was 
within an area of positive SLA, although the feature was not classified as an eddy. This feature was due 
north of cyclonic eddy 274078 (Figure 9a). At the end of the month, when the injection reached 100 m, a 
portion of cyclonic eddy 274078 was being pinched off and moved into the location of the float (Figure 9b). 
In early October this feature detached and became eddy 275928 (Figure 9c). At the end of September there 
was a small increase in surface chl (<0.1 mg m−3) within the area of the newly forming cyclonic eddy. A 
month later, at the end of October, surface chl values near 0.1 mg m−3 were present within the just formed 

Figure 5.  Nitrate versus depth (0–300 m) sections for the eight injection events when the nitracline reached 100 m during the summer, coincident with 
a nitrate increase at 300 m. The red triangles along the time axes indicate when nitrate >1.0 μmol kg−1 at 100 m depth during spring and summer (June–
September). The black triangles indicate when nitrate >1.0 μmol kg−1 at 100 m depth during the rest of the year. E3 was observed by both F8 (c) and F11 (d). 
For consistency the x-axis for all sections covers one year, however the year differs for the different floats. The mixed-layer depth is indicated by the thick 
black line, isopycnal contours are shown in gray, and the nitrate isoclines of 1 and 15 μmol kg−1 are shown by black and yellow lines respectively. The sea-level 
anomalies (SLA) anomaly is indicated by the blue line. The SLA (in units of m) was multiplied by −100 to fit on the y-axis scale of the plots.
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eddy 275928, and also within an anticyclonic eddy just south of it. The injection lasted 62 days, during 
which the float drifted 24 km.

The second event, E2, developed in July–September 2006 in the frontal zone between cyclonic eddy 279677 
and an anticyclonic eddy (Figure 9c). The nitracline shoaled above 100 m at the end of July, before the ni-
trate increase at 300 m between August 13 and September 26 (Table 2). Surface chl was already >0.1 mg m−3 
in the northern part of the eddy portion when the nitrate injection started. Over the course of the injection, 
the cyclonic eddy moved north of the float and transformed into eddy 282281, a smaller and more circular 
feature than eddy 279677. For the latter part of the injection, the float moved counterclockwise around the 
periphery of eddy 282281. The injection lasted 44 days, during which the float drifted 141 km.

Figure 6.  Nitrate versus sigma-theta (24–26.5 kg m−3) sections for the eight injection events when the nitracline reached 100 m during the summer, coincident 
with a nitrate increase at 300 m. The red triangles along the time axes indicate when nitrate >1.0 μmol kg−1 at 100 m depth during summer (June–September). 
The black triangles indicate when nitrate >1.0 μmol kg−1 at 100 m depth during the rest of the year. For consistency the x-axis for all sections covers one year, 
however the year differs for the different floats. The nitrate isoclines of 1 and 15 μmol kg−1 are shown by black and yellow lines respectively. The sea-level 
anomalies (SLA) anomaly is indicated by the blue line. The SLA (in units of m) was multiplied by −1 and offset by 24 to fit on the y-axis scale of the plots.
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The third event, E3, occurred May–July of 2012, and was observed by both F8 and F11. The event had two 
injections, one in May that is observed in both F8 (Figure 5c) and F11 (Figure 5d), and one in June that 
was just observed in F11. At the start of the May injection both floats were near the center of cyclonic eddy 
337839. The two floats had different trajectories with respect to the eddy. F8 traveled counterclockwise 
around the periphery of it, while F11 traveled westward, staying within the eddy as it also moved westward. 
Over the course of the two injections, the eddy moved westward and transformed into eddy 323099. The 
eddy moved faster than F11, so that at the start of the May injection F11 was on the west side of the eddy, 
and at the end of the second injection it was on the east side of the eddy. At the start of the second injection, 
in the beginning of June, F11 had moved closer to the eddy center, whereas F8 had moved further from it, 
which would explain why F8 did not observe an injection event in June. The first injection (as seen in F8) 
injection lasted 10 days and spanned a distance of 47 km, and the two F11 injections lasted 57 days and 
spanned a distance of 142 km (Table 2). Elevated chl developed (Figure 9h) in a filament encircling the 
southeast periphery of the eddy in early June. The areas of higher chl around 23.5°N are over seamounts in 
the Hawaiian-Emperor seamount chain where chl is always higher (Figure 1).

The fourth event, E4, occurred in July–August of 2014 along the edge of cyclonic eddy 337839 (Figure 10a). 
The nitracline shoaled above 100 m in early September, about 6 weeks after the nitrate increase at 300 m 

Figure 7.  Nitrate versus depth (0–300 m) sections for the six events when the nitracline reached 100 m during the summer, without a nitrate increase at 300 m. 
The red triangles along the time axes indicate when nitrate >1.0 μmol kg−1 at 100 m depth during spring and summer (June–September). The black triangles 
indicate when nitrate >1.0 μmol kg−1 at 100 m depth during the rest of the year. E3 was observed by both F8 (c) and F11 (d). For consistency the x-axis for all 
sections covers one year, however the year differs for the different floats. The mixed-layer depth is indicated by the thick black line, isopycnal contours are 
shown in gray, and the nitrate isoclines of 1 and 15 μmol kg−1 are shown by black and yellow lines respectively. The sea-level anomalies (SLA) anomaly is 
indicated by the blue line. The SLA (in units of m) was multiplied by −100 to fit on the y-axis scale of the plots.
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(Table 2). Surface chl >0.1 mg m−3 was present at the start of the injection event. It was distributed predom-
inately in a region of positive SLA just north of the cyclonic eddy, although this region was not identified as 
an anticyclonic eddy. The injection lasted 16 days, during which the float drifted 30 km.

The fifth event, E5, occurred in July–October of 2014 along the edge of cyclonic eddy 335139 (Figure 10d). 
The nitracline shoaled above 100 m at the end of July, at the same time as the nitrate increase at 300 m 
(Table 2). During the injection the eddy moved northwest, past F12, so that at beginning of the injection 
the float was on the west side of the eddy, and at the end of the injection it was on the east side of the eddy. 
Elevated chl developed along the periphery of the eddy at the end of August and as the bloom further de-
veloped it almost completely wrapped around the cyclonic eddy (Figure 10f). The injection lasted 92 days, 
during which the float drifted 76 km (Table 2). Two other floats, F10 and F13, were slightly north of the 
eddy at this time, but no injection events occurred in their data (Figure S1 in Supporting Information S1). 
It is interesting to note that while E5 was one of the stronger events in terms of isopycnal nitrate increases, 
it was associated with the weakest eddy, in terms of not having much of a signature in the SLA field (Fig-
ures 6f and 10d–10f).

The sixth event, E6 consisted of two injections, one occurring in May–June 2014, and another in August–
November 2014. The August injection developed along the northwest periphery of cyclonic eddy 335073 

Figure 8.  Nitrate versus sigma-theta (24–26.5 kg m−3) sections for the six events when the nitracline reached 100 m during the summer, without a nitrate 
increase at 300 m. The red triangles along the time axes indicate when nitrate >1.0 μmol kg−1 at 100 m depth during summer (June–September). The black 
triangles indicate when nitrate >1.0 μmol kg−1 at 100 m depth during the rest of the year. For consistency the x-axis for all sections covers one year, however the 
year differs for the different floats. The nitrate isoclines of 1 and 15 μmol kg−1 are shown by black and yellow lines respectively. The sea-level anomalies (SLA) 
anomaly is indicated by the blue line. The SLA (in units of m) was multiplied by −1 and offset by 24 to fit on the y-axis scale of the plots.
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(Figure 10g). The eddy moved northwest toward the float location, and at the end of the injection the float 
was just outside the southeast periphery of the eddy. Elevated chl developed within the interior of the eddy 
at the same time as the injection started. The injection lasted 93 days, during which the float drifted 216 km 
(Table 2).

Figure 9.  Float locations during injection events E1 (a–c), E2 (d–f) and E3 (g–i) overlain on maps of surface chl and 
sea-level anomalies (SLA) contours. Positions of cyclonic eddies are indicated by colored circles and anticyclonic 
eddies are shown as white triangles. The data on the first maps shown for each event correspond to the beginning of 
the nitrate injection as determined by the nitrate concentration at 300 m. The middle maps show data at the time of 
the nitrate anomaly at 100 m. The third maps show data at the end of the injection, or at the end of the maximum chl 
bloom development. Float locations for the entire period of the injection are shown in black. The most synoptic float 
location is shown in red. Contours of SLA are shown in gray. Negative SLA are shown as dashed lines, positive SLA 
are solid lines, and the zero SLA contour lines are thicker. For consistency all maps span four degrees of longitude and 
latitude.
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The seventh event, E7, occurred July–October 2015. It initiated along the periphery of cyclonic eddy 342578 
(Figures  11a), which merged with cyclonic eddy 344355 on July 4 to form cyclonic eddy 345123 (Fig-
ures 11b). The subsurface injection started July 3. Elevated first developed in late July within the interior of 
the cyclonic eddy (Figure 11b), and in early August a streak of higher chl developed outside of the cyclonic 
eddy, in the area where the injection was first observed (Figures 11c). The nitracline shoaled above 100 m 

Figure 10.  Float locations during injection events E4 (a–c), E5 (d–f) and E6 (g–i) overlain on maps of surface chl 
and sea-level anomalies (SLA) contours. Positions of cyclonic eddies are indicated by colored circles and anticyclonic 
eddies are shown as white triangles. The data on the first maps shown for each event correspond to the beginning of 
the nitrate injection as determined by the nitrate concentration at 300 m. The middle maps show data at the time of 
the nitrate anomaly at 100 m. The third maps show data at the end of the injection, or at the end of the maximum chl 
bloom development. Float locations for the entire period of the injection are shown in black. The most synoptic float 
location is shown in red. Contours of SLA are shown in gray. Negative SLA are shown as dashed lines, positive SLA 
are solid lines, and the zero SLA contour lines are thicker. For consistency all maps span four degrees of longitude and 
latitude.
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at the end of September, about 12 weeks after the nitrate increase at 300 m (Table 2). The injection lasted 
111 days, during which the float drifted 295 km (Table 2).

The eighth event, E8, occurred June–August 2018 (Figures 11d). The nitracline shoaled up to 100 m in 
mid-July (Figure 5i) during the passing of a cyclonic eddy (data not shown). At the end of August there was 
a sharp shoaling of the nitrate = 15 µmol kg−1 isocline that lasted for just one profile. This injection event 
occurred in the periphery of an anticyclonic eddy (Figures 11d). Some higher chl was present in the center 
of the anticyclonic eddy a week prior to the injection, but it did not develop further. This is the only mixing 
event that occurred within an anticyclonic eddy.

Next the events without isopycnal mixing are examined. The first of these events, E9, occurred at the west-
ern periphery of cyclonic eddy 288000 (Figure 12a). The nitracline remained above 100 m between the end 
of June to the beginning on August 2007. During the time the cyclonic eddy moved westward and the end 

Figure 11.  Float locations during injection events E7 (a–c) and E8 (d–f) overlain on maps of surface chl and sea-level 
anomalies (SLA) contours. Positions of cyclonic eddies are indicated by colored circles and anticyclonic eddies are 
shown as white triangles. The data on the first maps shown for each event correspond to the beginning of the nitrate 
injection as determined by the nitrate concentration at 300 m. The middle maps show data at the time of the nitrate 
anomaly at 100 m. The third maps show data at the end of the injection, or at the end of the maximum chl bloom 
development. Float locations for the entire period of the injection are shown in black. The most synoptic float location 
is shown in red. Contours of SLA are shown in gray. Negative SLA are shown as dashed lines, positive SLA are solid 
lines, and the zero SLA contour lines are thicker. For consistency all maps span four degrees of longitude and latitude.
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of the injection it was in the center of the eddy. The quality adjusted data for this float stopped during the 
event (Figure 7a). There was no sign of elevated surface chl associated with this event (Figures 12a–12c).

Event E10 occurred at the southern periphery of cyclonic eddy 374105 in early September 2019 (Figure 12d). 
There were two floats in this region, F19 and F20, but only F19 observed the nitracline shoaling above 100 m 
(Figures  7b and S1t in Supporting Information  S1). While the nitracline was above 100  m, elevated chl 

Figure 12.  Float locations during events E9 (a–c), E10 (d–f), and E11 (g–i) overlain on maps of surface chl and sea-
level anomalies (SLA) contours. Positions of cyclonic eddies are indicated by colored circles and anti-cyclonic eddies are 
shown as white triangles. The data on the first maps shown for each event correspond to the beginning of the nitrate 
injection as determined by the nitrate concentration at 300 m (Table 2). The middle maps show data at the time of the 
nitrate anomaly at 100 m, The third maps show a later time to best indicate the development of a surface chl bloom. 
Float locations for the entire period of the injection are shown in black. The most synoptic float location is shown in 
red. Contours of SLA are shown in gray. Negative SLA are shown as dashed lines, positive SLA are solid lines, and the 
zero SLA contour lines are thicker. For consistency all maps span four degrees of longitude and latitude.
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developed in the center of the cyclonic eddy, but not in the location of the float. E10 was the only event that 
was observed by a float with a chl sensor on it (F19, Table 1). There was also another float (F20) near F19 
during this event (Figures 12d–12f). Both F19 and F20 show a slight increase in the deep chl maximum as-
sociated with the shoaling nitracline (Figure 13). At the beginning of August the nitracline observed by F19 
shoaled from deeper than 200 to ∼125 m depth, after which chl values in the deep chl maximum increased 
to >0.3 mg m−3.

Event E11 at the southern periphery of cyclonic eddy 337284 in early September 2014 (Figure 12g). There 
was elevated chl present throughout the cyclonic eddy.

Event E12 occurred at the boundary between two anticyclonic eddies in November 2014 (Figure 14a). There 
was a small patch of chl >0.1 mg m−3 already present to the west of the float when the nitracline shoaled 
above 100 m.

Event E13 occurred at the boundary between two anticyclonic eddies in April–June 2015 (Figure  14d). 
There was no sign of elevated surface chl associated with this event.

Event E14 started in the center of cyclonic eddy 350704 in May 2015 (Figure 14g). There was no sign of 
elevated surface chl associated with this event.

It appears that cyclonic eddies are more important than anticyclonic eddies for nutrient injections in the 
NPSG, which is not surprising since eddy pumping in the center of cyclonic eddies lifts isopycnals and 
the nitracline (McGillicuddy, 2016). Seven of the eight injection events occurred within cyclonic eddies, 
the other event (E8) occurred in the periphery of an anticyclonic eddy. Eddy-eddy interactions can lead to 
frontogenesis and strong vertical velocities at eddy peripheries (Lévy, 2008; Mahadevan et al., 2008; Spall 
& Richards,  2000), and this process has been attributed to the formation of blooms in the NPSG (Calil 
et al., 2011; Calil & Richards, 2010; Guidi et al., 2012). Which raises the question of whether the observed 
diapycnal mixing occurs primarily at the eddy periphery or the eddy center?

Figure 13.  Surface (0–250 m) nitrate and chl sections for F19 (a and b) and F20 (c and d) during E10. The red and black triangles along the time axes indicate 
when nitrate >1.0 μmol kg−1 at 100 m depth during summer (red) and the rest of the year (black). The mixed-layer depth is indicated by the thick black line, 
isopycnal contours are shown in gray, and the nitrate isoclines of 1 μmol kg−1 are shown by black lines. The sea-level anomalies (SLA) anomaly is indicated by 
the blue line. The SLA (in units of m) was multiplied by −80 to fit on the y-axis scale of the plots.
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Due to the transitory nature of both the floats and the eddies it can be difficult to follow where the floats are 
in relation to the eddy field. For three (E1, E3, and E7) of the eight injection events the isopycnal mixing 
appears concentrated within the center of the cyclonic eddy, as the nitrate isoclines are elevated coincident 
with the local minimum in SLA values (the blue lines on Figures 4 and 5). However, the local SLA mini-
mum of the float trajectory does not necessarily correspond to the center of eddy. From examining the eddy 

Figure 14.  Float locations during events E12 (a–c), E13 (d–f), and E14 (g–i) overlain on maps of surface chl and sea-
level anomalies (SLA) contours. Positions of cyclonic eddies are indicated by colored circles and anti-cyclonic eddies are 
shown as white triangles. The data on the first maps shown for each event correspond to the beginning of the nitrate 
injection as determined by the nitrate concentration at 300 m (Table 2). The middle maps show data at the time of the 
nitrate anomaly at 100 m, The third maps show a later time to best indicate the development of a surface chl bloom. 
Float locations for the entire period of the injection are shown in black. The most synoptic float location is shown in 
red. Contours of SLA are shown in gray. Negative SLA are shown as dashed lines, positive SLA are solid lines, and the 
zero SLA contour lines are thicker. For consistency all maps span four degrees of longitude and latitude.
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and the float trajectories (Figures 9–11) it can been seen that three of the mixing events occurred when the 
eddy passed over the float (E3, E5, E6) and the injection occurred in both the periphery and the center of 
the eddy. Two of the mixing events (E1 and E2) occurred as a new eddy was being shed off of an existing 
eddy and mixing was observed in both the periphery and the center of the eddy. The other three events (E4, 
E7, and E8) were confined to the periphery of the eddy, however none of these floats entered into the center 
of the eddies so it is possible the injection did in fact extend into the center of the eddy, but just was not 
observed by the float.

Satellite chl data provide a nice complement to the float data, as they provide a more complete spatial pic-
ture of the result of these nutrient injections in the ocean surface. Five of the events (E1, E2, E3, E6, and 
E7) had elevated chl develop within the center of the cyclonic eddy after the injection, consistent with the 
eddy pumping mechanism. One of the events (E4) had elevated chl develop in the frontal zone between 
the cyclonic eddy and an anticyclonic feature (Figures 10a and 10b), and the bloom intensified within the 
anticyclonic feature. In a similar fashion, in E5 elevated chl developed in the convergent zone around the 
outside of the cyclonic eddy (Figure 10f). These chl patterns are consistent with those described previously 
in this area, where the chl is distributed by horizontal stirring (Calil et al., 2011; Calil & Richards, 2010; 
Guidi et al., 2012). E8 was the only event that occurred within an anticyclonic eddy. There was a small patch 
of elevated chl within the center of the anticyclonic eddy at the time of the injection (Figures 11d).

Just as the patchy distribution of the float profiles makes it impossible to determine the spatial extent of 
these mixing events, it also is not possible to determine the exact timing of the events. The start of an event 
as seen in the float observations does not necessarily indicate the actual start, since the float could have just 
moved into an area where mixing was already occurring. Evidence for this is given by satellite observations 
of elevated chl in the vicinity of floats coincident with the “start” of an injection event (E2, E4, E6, and E8).

Of the six events where the nitracline shoaled without isopycnal mixing, four occurred within cyclonic ed-
dies, and two occurred between two anticyclonic eddies (E12 and E13). Eddies are ubiquitous in the oceans 
and most of the float profiles occur near an eddy. There is a roughly equally likelihood of a float profile being 
close to a cyclonic eddy, an anticyclonic eddy, or no eddy (Table 4). Profiles with nitrate >15 µmol kg−1 at 
300 m, used here as an indication of potential diapycnal mixing, had a greater likelihood of being close to 
a cyclonic eddy relative to all profiles (46% vs. 35%). But clearly cyclonic eddies do not always generate nu-
trient injections, because they happen much less frequently than the amount of time that floats are within 
cyclonic eddies.

Eddy age has been proposed to play a role in the biogeochemical properties of mesoscale eddies (Sweeney 
et al., 2003), with nutrients being upwelled into the euphotic zone during eddy initiation. To determine 
when the injection events occurred within the eddy evolution, the rotational eddy speed is shown over the 
duration of the eddies associated with each mixing event (Figure 15). There is no consistent relationship 
between when the injections occur (the yellow boxes on Figure 15) and the eddy age (Table 2). While the 
E7 injection occurred at the initiation of a new eddy from the merging of two eddies (Figure 15g), the other 
events occurred when the eddy was between 0.8–6 months old.

However, many of the injection events occurred coincident with a change in eddy dynamics (Table 3). E1 
and E2 occurred at the periphery of an eddy being shed off an existing eddy (Figures 9a–9f) and the E4 and 
E7 injections occurred during the merging of two eddies. Four of the nine (counting two as part of E3) in-
jections develop during a change in eddy speed. Both of the injections that were part of E3, started at a max-
imum of eddy speed, when the eddy motion changed from increasing in speed to decreasing (Figures 14c 
and 14h). The E4 and E6 injections started coincident with an increase in eddy speed (Figures 14d and 14f). 
The initiation of some of these mixing events being coincident with a change in eddy speed confirms the hy-
pothesis put forth by Nencioli et al. (2008) that translation speed is a fundamental factor in determining the 
biogeochemical characteristics of a cyclonic eddy. They proposed that rather than nutrient injection being 
limited to a single event when the eddy is initially spun-up, it can occur continuously, through a horizontal 
leaky exchange that occurs as the eddy moves. The observations seen here provide evidence that a change 
in the rotational eddy speed can bring about nutrient injection.

Six of the mixing events started in the periphery of a cyclonic eddy which was flanked by an anticyclonic 
eddy, with a strong frontal zone between the two eddies (Table 3). Modeling studies have suggested that 
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large vertical velocities could develop in submesoscale frontal zones as 
the result of ageostrophic secondary circulation (Lapeyre & Klein, 2006; 
Lévy, 2008; Mahadevan & Tandon, 2006). However, there has been debate 
about how relevant this process is (Mahadevan et al., 2008; McGillicuddy 
et al., 2008), particularly in the NPSG (Ascani et al., 2013). The observa-
tion that six of the eight mixing events observed by the BGC-Argo floats 
initiated in the frontal zone between eddies provides evidence that the 
frontal zone plays an important role in vertical advection of nutrients in 
the NPSG.

E5 is the only mixing event that does not develop coincident with a 
change in eddy dynamics or within a frontal zone between two eddies. 
While this event had pronounced isopycnal mixing at the nitracline, it 
occurred within the weakest eddy of all of the eight events, as seen by 
the little variation in SLA along the float trajectory (Figure 6f), and also 
within the larger area around the float and eddy (Figures 10d–10f). This 

Figure 15.  Timeseries of the speed of the eddies in which a subsurface injection was observed for E1 (a), E2 (b), E3 
(c), E4 (d), E5 (f), E6 (g), E7 (g) and E8 (h). The yellow boxes indicate the timing of the subsurface injection events. The 
ranges of the eddy speed y-axes vary, but for consistency they always span 0.4 m sec−1.

Event Eddy location Eddy dynamic

E1 Periphery & Center Eddy shedding, frontal area

E2 Periphery & Center Eddy shedding, frontal area

E3 Periphery & Center Speed change

E4 Periphery Eddy merging, frontal area, speed change

E5 Periphery & Center

E6 Periphery & Center Frontal area, speed change

E7 Periphery Eddy merging, frontal area, speed change

E8 Periphery Anticyclonic Eddy, frontal area

Table 3 
Summary of the Locations Within the Eddy for the Eight Injection Events, 
and Any Eddy Dynamics Associated With the Injection Event
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inconsistency suggests that there are additional dynamics involved with 
generating nitrate injections within eddies, and underscores the com-
plexity of the impacts of eddies on ocean biogeochemistry.

These results build upon the previous studies that used BGC-Argo data to 
look at nutrient injections in this region. Johnson et al. (2010) described 
short-lived events, <10 days, whereas the subsurface injections described 
here last 4–12 weeks. They observed nitrate injections accompanied by 
uplifted isopycnals, but also noted that enhanced mixing drove nitrate 
across isopycnals. In contrast, Ascani et  al.  (2013) concluded that ni-
trate injections are primarily the result of uplift of isopyncal surfaces. 
As shown here, both types of nitrate injections occur in the NPSG, some-

times nitrate anomalies are caused by a shoaling of isospycnals (E9–E14), and sometimes they are indicative 
of mixing events that can last weeks, and span hundreds of kilometers. While both these previous studies 
used the same data used here, they analyzed earlier (prior to 2012), smaller subsets of the data, and the 
events described here were not in the datasets that they analyzed. Clearly the episodic injection events 
described here involve significant mixing across isopycnal surfaces of water with higher nutrient concen-
trations. These mixing events occur predominately in cyclonic eddies (7 out of 8) that are undergoing eddy 
transformation and/or have a well-developed frontal zone between a cyclonic eddy and an anticyclonic 
eddy.

4.  Conclusions
The nitrate data from 25 BGC-Argo floats (5,569 profiles) examined here showed 14 summer episodes of 
nitracline shoaling, when nitrate >1 μmol/kg at 100 m depth. While the perturbations at 100 m depth are 
often just seen in one profile, many of the events are part of a larger mixing event that extended down to 
300 m depth. These events last 4–12 weeks, and span distances between 30–300 km, making them signif-
icantly larger events that have been previously reported for this region. Seven of the eight mixing events 
occurred in cyclonic eddies, and were followed by the development of a surface bloom of chl evident in the 
satellite data. The initiation of these events appears to be caused by changes in eddy dynamics, eddy speed 
or eddy transformation, and often in the frontal area between a cyclonic eddy and an anticyclonic eddy. 
The BGC-Argo data provide the first in situ data showing that the summer chl blooms in this region are 
driven by subsurface nutrient injections. These events are not obvious from just temperature and salinity 
data, which points to the importance of establishing a global array of BGC-Argo floats to better understand 
biophysical processes in the oceans.

Data Availability Statement
The BGC-Argo float data were obtained from https://biogeochemical-argo.org/data-access.php. These data 
were collected and made freely available by the International Argo Program and the national programs 
that contribute to it (https://argo.ucsd.edu, https://www.ocean-ops.org). The Argo Program is part of the 
Global Ocean Observing System (Argo,  2000). The OC-CCI (v5.0) chl satellite data were obtained from 
the ERDDAP maintained jointly by the SWFSC's Environmental Research Division and the West Coast 
regional node of NOAA's CoastWatch program at https://coastwatch.pfeg.noaa.gov/erddap/griddap/pm-
lEsaCCI50OceanColor8Day.html. The sea level anomaly data were produced by the Copernicus Climate 
Change Monitoring Services and are distributed at https://cds.climate.copernicus.eu/cdsapp#!/dataset/
satellite-sea-level-global?tab=overview. The Mesoscale Eddy Trajectory Atlas products (Delayed Time Ver-
sion 2.0) were produced by SSALTO/DUACS and distributed by AVISO+ at https://www.aviso.altimetry.fr/
en/data/products/value-added-products/global-mesoscale-eddy-trajectory-product.html with support from 
CNES. They were developed and validated in collaboration with D. Chelton and M. Schlax at the Oregon 
State University.

N Cyclonic eddy Anticyclonic eddy No eddy

All profiles 5,130 35% 36% 29%

N300m > 15 785 46% 28% 27%

Note. Percentages are shown for all floats (excluding F23 and F25), and 
for the subset of those floats with nitrate >15 µmol kg−1 at 300 m depth.

Table 4 
Percentage of Float Profiles That Were Near a Cyclonic Eddy, an 
Anticyclonic Eddy, or Were Not Near an Eddy

https://biogeochemical-argo.org/data-access.php
https://argo.ucsd.edu
https://www.ocean-ops.org/board/?t=argo
https://coastwatch.pfeg.noaa.gov/erddap/griddap/pmlEsaCCI50OceanColor8Day.html
https://coastwatch.pfeg.noaa.gov/erddap/griddap/pmlEsaCCI50OceanColor8Day.html
https://cds.climate.copernicus.eu/cdsapp#!/dataset/satellite-sea-level-global?tab=overview
https://cds.climate.copernicus.eu/cdsapp#!/dataset/satellite-sea-level-global?tab=overview
https://www.aviso.altimetry.fr/en/data/products/value-added-products/global-mesoscale-eddy-trajectory-product.html
https://www.aviso.altimetry.fr/en/data/products/value-added-products/global-mesoscale-eddy-trajectory-product.html
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