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Nitrate supply from deep to near-surface waters of
the North Pacific subtropical gyre

Kenneth S. Johnson', Stephen C. Riser? & David M. Karl®

Concentrations of dissolved inorganic carbon (DIC) decrease in the
surface mixed layers during spring and summer in most of the
oligotrophic ocean. Mass balance calculations require that the miss-
ing DIC is converted into particulate carbon by photosynthesis'™.
This DIC uptake represents one of the largest components of net
community production in the world ocean>*. However, mixed-layer
waters in these regions of the ocean typically contain negligible
concentrations of plant nutrients such as nitrate and phosphate®*.
Combined nutrient supply mechanisms including nitrogen fixa-
tion, diffusive transport and vertical entrainment are believed to
be insufficient to supply the required nutrients for photosyn-
thesis®’. The basin-scale potential for episodic nutrient transport
by eddy events is unresolved®’. As a result, it is not understood how
biologically mediated DIC uptake can be supported in the absence
of nutrients. Here we report on high-resolution measurements of
nitrate (NO3;~) and oxygen (O,) concentration made over 21
months using a profiling float deployed near the Hawaii Ocean
Time-series station in the North Pacific subtropical gyre. Our mea-
surements demonstrate that as O, was produced and DIC was con-
sumed over two annual cycles, a corresponding seasonal deficit in
dissolved NO; ~ appeared in water at depths from 100 to 250 m. The
deep-water deficit in NO; ™~ was in near-stoichiometric balance with
the fixed nitrogen exported to depth. Thus, when the water column
from the surface to 250 m is considered as a whole, there is near
equivalence between nutrient supply and demand. Short-lived
transport events (<10 days) that connect deep stocks of nitrate to
nutrient-poor surface waters were clearly present in 12 of the 127
vertical profiles.

Seasonal depletion of DIC in the surface mixed layer with insuf-
ficient concentrations or fluxes of inorganic fixed nitrogen (NO; ,
NO, ™ and NH, ") present to support plant growth was first observed
at the Bermuda Atlantic Time-series Study station'. DIC also decreases
through late winter to early autumn at the Hawaii Ocean Time-series
(HOT) station (Fig. la), and this depletion results primarily from
biological uptake'. Net community production (NCP) rates derived
from the seasonal DIC cycle (2.3 = 0.8 molm Zyr !)'* in the mixed
layer (upper 50-90 m) would require an annual nitrate concentration
drawdown of ~4 umoll~' at a nominal molar ratio for C/N of 6.6,
which is greatly in excess of observed mixed-layer nitrate (Fig. 1b). An
alternative estimate of the inorganic fixed nitrogen requirement
comes from the particulate organic nitrogen export observed at
150 m at the HOT station'"'?, which averages 105 mmolNm ™ >yr ™'
(Table 1). There is also an organic nitrogen loss, associated with
zooplankton migration'?, of 38 mmol N m™*yr~ ', for a total export
of 143mmolNm *yr ' (Table 1). The mean nitrate gradient
(79 umolm™*)" is at least five times too low to supply the needed
flux if the eddy diffusion coefficient is near 0.1 cm*s™ ', as observed in
tracer release experiments'!. Furthermore, the nitrate gradient is near

zero at 100 m, which is well below the primary production maximum
in the mixed layer (Fig. 1d). Dissolved organic nitrogen shows no
concentration decrease comparable to the nitrogen requirement
(~4 pumoll™1) through the year (Fig. 1c) and does not seem to be a
source for the missing nitrogen®. Direct measurements of nitrogen
fixation rates at the HOT station account for only 40% of the export
nitrogen flux'"" (Table 1). Understanding the mechanisms that supply
nutrients to the shallowest layer of the ocean, where most NCP occurs, is
critical to developing a capability to predict the response of ocean
ecosystems to a changing climate'.

We have examined the annual cycle of nitrate and dissolved oxygen
concentrations using chemical sensors on a profiling float deployed
near the HOT station in the North Pacific subtropical gyre (Methods
Summary). Seawater density, dissolved oxygen anomaly (Osanom =
O, — Oy,100%saturation)»> hitrate and preformed nitrate (PreNO; )
observed in the upper 300 m of the water column are shown in
Fig. 2. Preformed nitrate approximates the amount of nitrate present
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Figure 1| Shipboard observations at HOT station ALOHA. a, DIC
concentration normalized to salinity 35 in the upper 50 m versus day of year.
A linear trend due to increasing atmospheric CO,, noted previously'’, was
removed from the data. b, Nitrate concentration in the upper 50 m measured
by chemiluminescence versus day of year. ¢, Dissolved organic nitrogen
versus day of year. d, Primary production measured with '*C and nitrate
versus depth. Data from 1988 to 2007 were downloaded from the HOT Data
Organization & Graphical System website (http://hahana.soest.hawaii.edu/
hot/hot-dogs/interface.html). Results were binned in 20-d or 20-m intervals
and the mean and 95% confidence interval were computed.
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Table 1| Organic and inorganic fixed nitrogen flux summary

Process Flux = 95% Cl (mmolm 2yr ')  Reference
NCP N requirement* 287 =100 10
Particulate organic N export at 150 m 105+7 12
Zooplankton organic N export 38+4 12
Total organic N loss 14311 —
Nitrogen fixationt 41+8 15
Integrated NO3 ™ deficit} 160+ 78 This work
Integrated PreNO3 ™~ deficit] 103 £39 This work
Total inorganic N supply 144 + 47 to 201 = 86 -
HOT integrated NO3 ™~ deficit§ 94 + 66 This work
Event-driven vertical NOs™ >88 This work

transport | |

Cl, confidence interval.

* Computed from the reported NCP value and a C/N ratio of 8.0.

T Integrated from O to 100 m.

I Integrated from 100 to 250 m. The deficit was calculated as values in months December to
February minus values in months June to August.

§ Winter-to-summer difference of integrated (100-200 m) nitrate using HOT cruise data from
2000 to 2008 with more than eight nitrate measurements in the integral region. The integral
was not extended to 250 m because vertical resolution is often near 50 m below 200 m and
rapidly increasing nitrate combined with poor depth resolution skews the result.

| |Calculated as >145 mmol m™2 x (365d/600 d) yr .

in a water mass when it leaves the ocean surface'’. It was computed as
PreNO; =NO;3; — Osanom/Rozno3 wWhere Roonos = —10.5 is
the modified Redfield ratio'® of oxygen production to nitrate uptake.
PreNO;  concentrations are near zero in surface waters at the HOT
station, and values increase to 4-5umoll™" at a depth of 300 m.
There is an anomalous layer of water'” with negative PreNO; ™ con-
centrations below the depth of the 1% light level (~115m) that is
well defined in our data (Fig. 2d). Negative PreNO;  below the
mixed layer results if nitrate is assimilated into biomass and a cor-
responding amount of oxygen is not produced, or if oxygen is con-
sumed and nitrate is not produced. Reasonable changes in Ros/no3
do not eliminate the negative PreNO; ™~ values'”'’. We use PreNO; "~
in our analysis because it has a smaller dynamic range than nitrate,
which makes the concentration decrease easier to visualize (Fig. 2d).
However, all of the conclusions discussed below are similar regardless
of whether NO;~ or PreNO; ™~ concentration is used.

Seasonal decreases occurred in depth-integrated (100-250m)
NO; and PreNO; (Fig.2d and Supplementary Fig. 4). The decreases
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Figure 2 | Profiling float observations in the upper 300 m. Measurements
were made at 5-d intervals and with 5-m vertical resolution above 100 m and
10-m resolution below. a, Seawater density anomaly

(6o = density — 1,000 kg m ). b, Oxygen anomaly (O, — 02,100%Saturation) -
¢, Nitrate. The black line shows sea surface height anomaly (SSHA; http://
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inNO;  and PreNO; ™~ were strongly related to an increase in oxygen
anomaly at lesser depths (integrated from 50 to 100 m; Supplementary
Fig. 4) that resulted from positive NCP*. The winter-to-summer
decrease in PreNO; ™ below the euphotic zone was driven primarily
by a nitrate concentration decrease. Nitrate depletion at the base of
the euphotic zone near the HOT station has been observed during
summer and attributed to a 30-m downward displacement in isolumes
in summer”'. However, the depletion in nitrate occurs down to a depth
of 250 m (Fig. 2¢, d), and additional processes must be involved.
Depth-integrated O, ,0m below the mixed layer, but in the euphotic
zone (50-100m), and depth-integrated PreNO;™ in deeper waters
(100-250 m) were negatively correlated (coefficient of correlation,
R= —0.57, P<<0.001) with the largest depletions in PreNO; "~ occur-
ring in late summer (Fig. 2d and Supplementary Fig. 4). This is con-
sistent with NO3 ™~ uptake at depth supporting NCP nearer the surface.
The annual decrease in integrated PreNO; ™ was 103 + 39 mmol N m ™ *
(95% confidence interval), using data from both years (Table 1). If
depth-integrated nitrate concentration is used, then the decrease is
160 == 78 mmol N m ™2 (95% confidence interval). The second value
is an upper bound on nitrate loss, as some of it is compensated for by
an increase in Ojapom at depth. The sum of the PreNOs ™~ decrease and
the observed nitrogen fixation rate at the HOT station'> brackets the loss
of organic nitrogen driven by particle flux and zooplankton migration
(Table 1). Nitrate measurements made at the HOT station show a
similar seasonal trend when data from 2000 to 2008 are binned,
although the results are sensitive to the analysis method, perhaps
because of the lower spatial and temporal resolution (Table 1).
Although the combined inorganic fixed nitrogen supplies are
similar to organic nitrogen losses, they are somewhat less than
the amount of nitrogen required to support observed NCP
(287 + 100 mmol N m ™ *yr~ '; Table 1) at a C/N ratio of 8.0, which
is observed in sinking particles near the HOT station'>**. Primary
production, organic nitrogen export and C/N all show significant
interannual variability near the HOT station'?, which may account
for this discrepancy. The slope of depth-integrated O,anom Versus
PreNO;  in the float data set is —2.8 = 0.4 mol O, per mol N (Sup-
plementary Fig. 4b). Because only 25 = 10% of the oxygen created by
NCP is trapped beneath the thermocline near the HOT station'®***,
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www.aviso.oceanobs.com/duacs/) at the location of each float profile. The
SSHA scale bar is centred on zero and spans —10 cm (top) to 10 cm
(bottom). d, Preformed nitrate. Data contoured using Ocean Data View 3.4
(Schlitzer, R., http://odv.awi.de).
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the ratio of NCP to the change in PreNO;  in water sampled by the
float was —11 = 6 mol O, per mol N. This is consistent with the
modified Redfield ratio™ of —10.5. The consistency implies lower-
than-average NCP during the observing period. In any case, the float
data set resolves a previously unidentified nitrate source that is much
larger than other recognized inorganic fixed nitrogen sources.

Episodic transport events are often suggested to be the mechanisms
responsible for supplying deep, nutrient-rich water to the euphotic
zone”***, The profiling float data clearly showed episodic entrainment
of nitrate into the euphotic zone. Nitrate concentrations reached 1 pM
at a depth of 80 m in the euphotic zone in one such event (9 February
2009), which is labelled 2 in Fig. 3. Isopycnals were uplifted in this
event, but enhanced mixing also drove nitrate across isopycnals to
reach lesser depths (Fig. 3b). This profile was collected on the boundary
of a low feature in sea surface topography that forms closed contours,
similar to a cyclonic eddy (Fig. 3d). The high nitrate concentration was
confirmed by the simultaneous signals in oxygen and salinity (Fig. 3),
which are measured by independent sensors. Such events have a short
lifetime (less than twice the float cycle time) or are spatially variable,
and the observations do not resolve the fate of the uplifted nitrate.
Another event (labelled 1 in Fig. 3), which occurred three weeks earlier
than event 2, also showed a salinity anomaly penetrating into the
euphotic zone, but the nitrate near the top of this event seemed to be
missing and consumed by phytoplankton.

The profiling float data set is unique in that it allows a systematic,
model-independent assessment of the probability of nutrient trans-
port episodes, magnitudes and their vertical extent. The probability
of events through the whole data set (12 events with evidence of 1 pM
nitrate above 110 min 127 float cycles) is about that shown in Fig. 3 (2
such events in 19 float cycles). It is also similar to the probability of
high nutrient events seen at the HOT station (12 of 135 cruises; see
fig. 16.7b of ref. 25). Event 2 (Fig. 3) showed the highest penetration
of nitrate into the euphotic zone. Vertical integration of the observed
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Figure 3 | Profiling float observations over 100 days from 19 December
2008 to 22 March 2009. a, Dissolved oxygen. Black dots show the location
of each measurement. White line is the 190 tM contour. Vertical transport
events discussed in the text are identified using the labels 1, 2 and 3?.
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nitrate anomalies that extended above 110 m, near the 1% light level,
and the nitrate anomalies that might have been present, assuming a
conservative relationship with salinity, summed to 145 mmol N m >
over 600 days. The integral sum is a minimum estimate. We did not
count events with less than 1 uM (for example the event marked 3? in
Fig. 3b). Furthermore, if events occurred at a higher frequency than
half the float profile frequency, then the number of events would be
undercounted and the integral would be still higher.

If all nitrate transported above 110 m were consumed, as seems to
be the case in several events where salinity anomalies are present with
no nitrate, then the events observed by the float transported at least
88 mmol N m ™ *yr~ " up to depths of 75 m in the euphotic zone. This
is in near balance with the amount of PreNO;  that disappeared
between 100 and 250 m, and the sum of episodic nitrate transport
and the nitrogen fixation rate nearly equals organic nitrogen loss
rates (Table 1). However, the bulk of NCP occurs in the mixed layer',
which is typically shallower than the depths reached by nitrate injec-
tion events. Additional processes must be involved to allow the
nitrate to reach the zone where most NCP occurs. Furthermore, to
produce the DIC drawdown observed in the mixed layer'?, vertical
nitrate transport over the last few tens of metres into the mixed layer
must occur without simultaneous transport of DIC. This rules out
any direct physical transport mechanism, because water that carries
elevated nitrate will also transport elevated DIC and that would
eliminate surface DIC drawdown.

Twenty per cent of the integrated stock of chlorophyll at the HOT
station is found between 125 and 200 m, which is well below the
chlorophyll maximum at 100 m (Supplementary Fig. 5). Although
the fraction of phytoplankton biomass below 125 m is less than 20%
of the total due to photo-adaptation, these data clearly show the con-
tinuous presence of phytoplankton deep in the water column. We
suggest that the phytoplankton present in the deep waters must be able
to consume the nitrate that is transported vertically in these events. The
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phytoplankton must then detrain from the upwelled plumes by
upward motility, perhaps through buoyancy regulation, before the
water returns to depth. Upward transport of 6-35 mmol Nm ™ >yr ™'
by phytoplankton has been estimated from observations of relatively
rare mats of large diatoms™. That work focused on large phytoplank-
ton aggregates because of their capability for long vertical migrations.
The frequent vertical motions observed by the profiling float and their
vertical scope suggest that simpler mechanisms involving smaller-scale
migrations, for example by individual phytoplankton, may support the
remainder of the upward transport.

Our observations suggest that episodes of vertical nutrient trans-
port, at frequencies near monthly, are a major factor sustaining posi-
tive NCP in the North Pacific subtropical gyre. In combination with
our previous results*’, which show little or no episodicity in oxygen
production, this suggests that near-monthly inputs of nutrients must
be sufficient to sustain positive NCP during the intervening periods.

METHODS SUMMARY

Float 5145 (WMO #5901468) is a Webb Research APEX profiling float that was
fabricated at the University of Washington and the Monterey Bay Aquarium
Research Institute with an integral in situ ultraviolet spectrophotometer (ISUS)
nitrate sensor”’ that uses an improved algorithm® and an Aanderaa Optode
dissolved-oxygen sensor®. The float cycled from 1,000-m depth to the surface
every five days, beginning in December 2007, as it drifted east (Supplementary
Fig. 1). Nitrate and oxygen measurements were made at 60 depths (5-m resolu-
tion above 100 m, 10-m resolution from 100 to 360 m and 50-m resolution from
400 to 1,000 m) during the ascent.

The optical absorption baseline in ISUS underwent two jumps (Supplemen-
tary Fig. 2a). These shifts offset the entire nitrate profile from 1,000m to the
surface by about 1 pM (Supplementary Fig. 2b). To remove these offsets, we have
assumed that nitrate concentration in the upper 30 m of the water column was
0.0025 pmol 1™ ", which is equal to the mean of the long-term HOT data record
(Fig. 1b). The mean nitrate concentration that was reported by the float nitrate
sensor in the upper 30 m of each profile was then subtracted from each individual
measurement on that profile. The resulting data set has a precision (1s.d. of
corrected nitrate concentrations on 125 profiles) of 0.3pumoll™" (Sup-
plementary Fig. 2) and it is in excellent agreement with the mean HOT nitrate
profiles reported for 2007 to 2008 (Supplementary Fig. 3). The oxygen sensor
shows no evidence of drift, but it seems to have a small accuracy bias
(<10 umoll1™"), as reported for earlier applications of Aanderaa Optode sensors
on profiling floats® (Supplementary Fig. 3).
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