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Abstract The 2013 U.S. GEOTRACES Eastern Pacific Zonal Transect (EPZT) traversed the highly productive
Peruvian coastal upwelling (PCU) region. In this work, the flux of nitrate into the euphotic zone is derived for
stations within the PCU using a previously developed method whereby dilution of the water column 7Be
inventory by upwelled 7Be-free water provides a means to infer upwelling rates. Furthermore, with
knowledge of upwelling rates, 7Be profiles are used to constrain vertical diffusivity within the upper
thermocline. These transport terms are applied to nitrate profiles to estimate net community production
between 79°W and 104°W along the EPZT, which includes the zone of active upwelling to the edge of the
oligotrophic gyre. With a simple, one-dimensional model, the calculated upwelling rates were inversely
related to mixed layer temperature and ranged from 0 to 3.0m/d. Results using a depth-dependent
upwelling rate with a component of horizontal advection are also described. Vertical diffusivities near the
base of the euphotic zone were in the range 1.7–4.5 × 10�4m2/s. These values are compared to those
generated by analysis of temperature profiles. Net community production averaged 15mmol C/m2/d for
stations between 84°W and 104°W and was 134mmol C/m2/d for the furthest inshore station at 79°W which
displayed the lowest SST and greatest rate of upwelling.

1. Introduction

The southeastern tropical Pacific along the west coast of South America is one of the most biologically pro-
ductive regions in the world, supporting an important fishery and large seabird population [e.g., Chavez and
Barber, 1987; Fiedler et al., 1991; Pennington et al., 2006; Montecino and Lange, 2009]. The biological richness
here contrasts that within the low-productivity oligotrophic waters of the adjacent mid-ocean gyre. High pri-
mary production is driven by upwelling that provides the euphotic zone with an abundant supply of inor-
ganic plant nutrients and drives significant carbon export. An oxygen-deficient zone (ODZ) beneath these
productive waters is fueled by the respiration of the sinking particles supplied from above [e.g., Karstensen
et al., 2008; Fuenzalida et al., 2009]. In 2013, the U.S. GEOTRACES Eastern Pacific Zonal Transect (EPZT) tra-
versed the highly productive Peruvian coastal upwelling region (PCU) which is characterized by the lowest
sea surface temperature (SST), highest mean surface nitrate and phosphate, highest average surface chloro-
phyll concentration, and greatest rate of primary productivity of the eastern tropical Pacific [Pennington et al.,
2006]. Estimating new production here, and in similar regions, is important to understanding the ecosystem
function of fisheries, the nature of ODZs, and the role of upwelling regions in the planetary carbon cycle.

Here rates of upwelling and vertical diffusion are estimated within the PCU using a previously developed
method based on water column measurements of 7Be. These transport terms are applied to nitrate profiles
to estimate net community production between 79°W and 104°W along the EPZT, which includes the zone of
active upwelling to the edge of the oligotrophic gyre.

Beryllium-7 is a cosmic ray-produced isotope (half-life = 53.3 days) that is deposited upon the ocean surface
primarily by rainfall and subsequently homogenized within the surface mixed layer [e.g., Silker, 1972; Aaboe
et al., 1981; Young and Silker, 1980; Kadko and Olson, 1996; Kadko, 2000, 2009]. In the absence of physical
removal processes other than radioactive decay, the water column inventory of the isotope represents an
integration of the atmospheric input flux over approximately the previous mean life (77 days) of the isotope
[e.g., Aaboe et al., 1981; Kadko and Prospero, 2011; Kadko et al., 2015]. The 7Be flux andwater column inventory
vary as a function of rainfall and over broad oceanic regions are relatively constant. This is manifested by the
observation that water column inventories are inversely related to surface salinity [Young and Silker, 1980;
Kadko and Olson, 1996; Kadko and Johns, 2011]. In regions of upwelling, the 7Be inventory will be diluted
by the penetration of 7Be-free water brought up from below. The dilution of the 7Be inventory provides a
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means to infer upwelling rates, and with knowledge of upwelling rates, the shape of the 7Be profiles can be
used to constrain vertical diffusivity within the upper thermocline [Kadko and Johns, 2011; Haskell et al., 2015].

2. Methods

Samples were collected during the U.S. GEOTRACES EPZT expedition from the R/V Thomas G. Thompson
(TGT303, 25 October 2013 to 20 December 2013, Manta, Ecuador, to Papeete, Tahiti) along the cruise track
shown in Figure 1. Beryllium-7 was analyzed by procedures described in detail elsewhere [Kadko and
Johns, 2011]. Briefly, samples were collected at selected depths by pumping 400–700 L of seawater via a
1.5 inch hose into large plastic barrels on deck. From these barrels, the seawater was then pumped through
iron-impregnated acrylic fibers at ~10 L/min [Lal et al., 1988; Krishnaswami et al., 1972; Lee et al., 1991]. The
efficiency of the fiber for extraction of Be from seawater was determined by adding 500mL of a 1000 ppm
Be atomic absorption standard to a drum containing seawater. The seawater was pumped through an iron
fiber cartridge, and at every 100 L, the Be content of the cartridge effluent was measured by atomic absorp-
tion. From these data, the integrated Be extraction efficiencies were calculated. For sample volumes in the
range 400–700 L, the extraction efficiencies were respectively 82–76%. On land, the fibers were dried and
then ashed. The ash was subsequently pressed into a pellet (5.8 cm diameter) and placed on a low-
background germanium gamma detector. The 7Be has a readily identifiable gamma peak at 478 keV. The
detector was calibrated for the pellet geometry by adding a commercially prepared mixed solution of known
gamma activities to an ashed fiber, pressing the ash into a pellet, and counting the activities to derive a cali-
bration curve. The uncertainty of the extraction efficiency (4%) and the detector efficiency (2%) was in all
cases smaller than the statistical counting error and the uncertainty in the blank.

3. Results and Discussion

The 7Be data are presented in Table 1. Samples were collected from the surface mixed layer and from depths
within the upper thermocline based on temperature profiles from conductivity-temperature-depth casts
made immediately prior to sample collection. These data were used to estimate the total water column
inventory of 7Be at sites where, based on temperature, strong upwelling was anticipated, as well as where
upwelling was expected to be weak or zero.

Across the study section, 7Be activity in the mixed layer exhibited a total variation of about a factor of 3,
between low values of 63.1 dpm/m3 found within the Peruvian coastal upwelling zone associated with cooler
SST and high values of ~190 dpm/m3 associated with warmer SST offshore of the coastal zone. The cooler
temperatures along the Peruvian margin are associated with coastal upwelling where alongshore winds pro-
duce offshore Ekman transport of surface water which must be replaced by subsurface water to maintain
mass balance. The thermocline shoals onshore to <40m and very often breaks the surface, resulting in very

Figure 1. Cruise track of the U.S. GEOTRACES East Pacific Zonal Transect (EPZT) expedition from the R/V Thomas G.
Thompson (TGT303, 25 October 2013 to 20 December 2013, Manta, Ecuador, to Papeete, Tahiti) superimposed over a
thermal infraredmultispectral scanner (TIMS) map of SST. Stations sampled for 7Be discussed in this work are indicated. Red
numbers are upwelling rates (m/d) determined from equation (2), for u = 0.1m/s (see text).
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low sea surface temperatures for these latitudes [e.g., Brink et al., 1983; Huyer et al., 1987; Fiedler and Talley,
2006; Pennington et al., 2006].

The decrease in mixed layer 7Be activity with decrease in temperature occurs as 7Be-“dead”, cold, nutrient-
rich water is upwelled from below. Profiles comparing temperature and 7Be from upwelling and adjacent
nonupwelling stations clearly show the deficit of 7Be in the upwelling water column where deep colder water
reaches the surface (Figure 2). This is reflected in the enrichment of nutrients as well. Figure 3 shows 7Be
water column activities and depth-integrated inventories plotted against temperature. The linear relation-
ship of these quantities within the upwelling zone attests to the conservative nature of 7Be over the timescale
of upwelling in which particulate loss of 7Be can be ignored. This is consistent with earlier findings in the
upwelling environment of the equatorial Atlantic [Kadko and Johns, 2011], as well in the region of this study
[Haskell et al., 2015]. With an increase in temperature, the 7Be inventory increases, as the offshore nonupwel-
ling stations are approached. As shown by Kadko and Johns [2011], the dilution of the 7Be inventory in upwel-
ling stations relative to the nonupwelling stations provides a measure of the upwelling rate.

3.1. Estimating Upwelling Rates

Upwelling rates are difficult to determine by direct measurement because of the relatively small velocities
involved but can be inferred by indirect methods such as those provided by tracer observations. Such tracers
derive from the presence, in surface water, of properties characteristic of thermocline water which have been
emplaced by the upwelling process. Examples include surface anomalies in 14C, δ13C, apparent oxygen

Table 1. 7Be Water Column Data

Station Lat-Long Depth (m) 7Be (dpm/1000 L) ML Temp. (°C) Station Inventory (dpm/m2)

1 12°S-79.195°W 22.5 63.1 ± 12.0 17.62 5060 ± 440
53 57.5 ± 10.0
77 38.6 ± 10.6
92.5 15.7 ± 10.7
107.5 3.12 ± 6.78
122 16.1 ± 10.1

7 12°S-84°W 23.5 112 ± 18.2 18.92 10,100 ± 630
45.5 83.1 ± 10.1
58.5 95.4 ± 12.1
73 88.7 ± 11.0
93.5 49.3 ± 8.96
113.5 27.2 ± 7.25

9 12°S-89°W 22.5 118.6 ± 14.0 19.1 13,070 ± 620
54 140.5 ± 11.5
73 103.6 ± 14.2
92 101.0 ± 12.5
109 51.7 ± 15.1
124.5 33.6 ± 10.8

11 12°S-94°W 13 157.0 ± 18.5 20.92 17,020 ± 670
51.5 147.7 ± 16.1
73.5 130.9 ± 16.0
89.5 141.3 ± 17.2
105.5 94.0 ± 15.2
124.5 48.8 ± 11.6

13 14°S-99°W 22.5 190.1 ± 17.8 21.26 18,600 ± 770
52.5 170.6 ± 18.4
72.5 152.7 ± 22.8
87 110.3 ± 17.4
105 80.9 ± 19.8
123 41.2 ± 13.7

15 16°S-104°W 23 166.3 ± 20.2 22.4 19,670 ± 1050
58.5 184.2 ± 16.3
83.5 136.7 ± 22.6
103.5 109.5 ± 16.7
119.5 54.0 ± 13.8
149 32.6 ± 12.6
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utilization, δ3He, 7Be, pCO2, ∑CO2, and temperature [Broecker and Peng, 1982; Broecker et al., 1978; Quay et al.,
1983;Wanninkhof et al., 1995; Klein and Rhein, 2004; Rhein et al., 2010; Steinfeldt et al., 2015; Kadko and Johns,
2011; Haskell et al., 2015]. Recently, two tracers have shown promise in estimating upwelling rates over the
mesoscale range. In one, observations of helium isotopic disequilibrium in surface mixed layers have been
used to derive upwelling rates of ~1–2m/d in the equatorial Atlantic [Klein and Rhein, 2004; Rhein et al.,
2010] and ~1–3m/d in coastal upwelling regions off Peru and Mauritania [Steinfeldt et al., 2015]. This method
relies on accurate assessment of the gas exchange rate and vertical diffusivity at the base of the mixed layer.
The other method, used in this work, utilizes observed dilution of 7Be in the surface mixed layer, resulting
from upwelling of 7Be-deficient water from depth, to infer upwelling rates. The shape of the 7Be profile is
used to derive vertical diffusivities in the upper thermocline. Derivations of this approach have been
described in detail elsewhere [Kadko and Johns, 2011; Haskell et al., 2015], and results therein are comparable
to those derived from the δ3He method.

The model is shown schematically in Figure 4 where the upper ocean consists of a surface mixed layer with
constant 7Be concentration (Co) and an underlying “tail” layer where the 7Be concentration C(z) decays to zero
at some depth zo. Kadko and Johns [2011] derived a simple case forwH, which is the upwelling rate at the base
of the mixed layer and is assumed to be constant to the depth where the 7Be signal vanishes. If F is the atmo-
spherically derived 7Be surface flux into the mixed layer, λ is the 7Be decay constant (0.013 day�1), H is the
mixed layer depth, and Cinv is the total water column 7Be inventory, then

Figure 2. (a) Temperature, (b) 7Be, (c) nitrate, and (d) phosphate plotted versus depth for the stations indicated in Figure 1. Note the gradient in properties moving
west from the Peruvian upwelling zone.
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wH ¼ 1
Co

F � λCinvð Þ (1)

Note that when upwelling is negligible, F= λCinv, which represents a balance between the atmospheric input
of 7Be to the ocean and its radioactive decay inventory. Thus, the depth-integrated decay (inventory) of 7Be at
nearby, nonupwelling stations can be used to estimate the regional 7Be flux (F) required for equation (1). The
point is that the “deficit” of the 7Be inventory of upwelling stations relative to nonupwelling stations can pro-
vide a measure of the upwelling rate. For this study, we use the 7Be inventory of station 15 as representative
of the atmospheric flux for the region of upwelling. Figure 3b shows that moving offshore, as temperature
within the mixed layer increases, a “steady” inventory of 7Be is approached for nonupwelling stations 13
and 15.

In earlier works [Kadko and Johns, 2011; Haskell et al., 2015], horizontal advection of 7Be into the mixed layer
was ignored although it was suggested that in some cases errors in doing so could reach 30% [Kadko and

Figure 3. (a) 7Be activities plotted against temperature from station profiles. (b) 7Be inventories plotted against mixed layer
temperature. The horizontal dashed line indicates the inventory from nonupwelling stations and represents the atmo-
spheric 7Be input. (c) Calculated upwelling rate (W) plotted against mixed layer temperature using equation (2) with
u = 0.1m/s. The red arrow indicates stations not affected by upwelling.
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Johns, 2011]. Here, given the relatively well-resolved horizontal station spacing, and some knowledge of hor-
izontal velocity [u estimated as 0.1m/s from Huyer et al., 1987; Fiedler et al., 1991;Meinen et al., 2001; Lumpkin
and Johnson, 2013], equation (1) can be corrected for horizontal advection:

wH ¼ 1
Co

F � λCinv–H• uδC=δx½ �ð Þ (2)

The effect of the westward flow is generally to bring low-7Be water to offshore stations, leading equation (1)
to overestimatewH. The effect of eddies propagating westward at 0.03–0.06m/s [Chaigneau et al., 2008] is not
considered here. Table 2 summarizes this calculation and indicates that the advective term can be as high as
16% of the atmospheric flux for u= 0.1m/s. The upwelling rate for the case of u= 0.1m/s is plotted on the
map of Figure 1 and against temperature in Figure 3c. The results here are comparable to those from approxi-
mately the same study area presented by Steinfeldt et al. [2015], using 3He disequilibrium, and by Haskell et al.
[2015] who applied 7Be measurements to this model (but neglecting horizontal transport). Of note, the con-
trol or nonupwelling station inventory determined in the Haskell et al. work was within 20% of that deter-
mined from station 15 here.

Figure 4. Conceptual model used in upwelling calculation [from Kadko and Johns, 2011]. Co = [7Be] mixed layer concentra-
tion, Czo = [7Be] = 0 at depth Zo, w = constant upwelling velocity through the upper thermocline (m/d), and H = depth
of mixed layer (m). The dashed line is the 7Be concentration profile (Cz) internal to the box comprising the mixed layer and
the upper thermocline. The dashed arrows indicate relative divergence of horizontal flow in the mixed layer and the
convergence in the thermocline.

Table 2. Upwelling Rates wH Determined by Uniform Upwelling Model With Horizontal Advectiona

Station

u = 0m/sb u = 0.05m/sb u = 0.1m/sb u = 0.2m/sb

wH Horiz Fluxc/F wH Horiz Fluxc/F wH Horiz Fluxc/F wH Horiz Fluxc/F

1 3.0 0 2.9 �0.04 2.7 �0.08 2.4 �0.15
7 1.1 0 0.93 �0.08 0.75 �0.16 0.39 �0.32
9 0.72 0 0.70 �0.01 0.68 �0.02 0.63 �0.04
11 0.22 0 0.12 �0.06 0.02 �0.125 �0.19 �0.25
13 0.07 0 0.0 �0.05 �0.06 �0.10 �0.20 �0.20
15 0 0 0.05 0.03 0.09 0.06 0.18 0.13

awH in m/d.
bHorizontal advection to the west.
cThe ratio of horizontal advective flux to the atmospheric input flux.
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The wH estimate derived from equations (1) and (2) is a lower bound, as the actual wH will be higher if the
upwelling velocity is not constant but decreases with depth. This is more realistic, as it is expected that
vertical velocity decreases over a finite vertical scale of the order 100m below the mixed layer [e.g.,
Huyer et al., 1987; Harrison, 1996; Kadko and Johns, 2011] due to horizontal convergence within the ther-
mocline. This needs to be considered when determining vertical transport of nutrients into the euphotic
zone, particularly as the base of the euphotic zone is deeper than the base of the mixed layer for our
stations [Ohnemus et al., 2016]. The simplest case is where w decreases linearly to zero over a depth scale
Zw below the mixed layer [e.g., Quay et al., 1983]. The formulation for 7Be is described in Kadko and
Johns [2011]:

wH ¼ F � λCinvð Þ= Co � 1
Zw

∫
H

zoC zð Þdz
� �

(3a)

As was the case for constant w with depth, equation (3a) can be corrected for horizontal advection:

wH ¼ F � λCinv � H• uδC=δx½ �ð Þ= Co � 1
Zw

∫
H

zoC zð Þdz
� �

(3b)

These results are presented in Table 3.

There are several factors which contribute to the uncertainty of the upwelling calculations. For any of the
model approaches, the 7Be inventories (Table 1) contribute 4–9% uncertainty to the upwelling calcula-
tion. The 7Be flux (F) term, which is based on the station chosen to represent the control inventory,
presents further uncertainty. For example, the inventory of station 13 is approximately 6% less than that
of station 15. If station 13, rather than station 15, is used as the control inventory, then the upwelling
rate is reduced for all stations by 0.07–0.22m/d using equation (2). The choice of the horizontal advec-
tion term (u) also contributes to the uncertainty. Again, considering equation (2), a difference of 0.05m/s
leads to a 0.1–0.2m/d difference in upwelling velocity. Finally, the derived upwelling rates are somewhat
model dependent. A comparison of Tables 2 and 3 indicates for example that wH (upwelling at the
base of the mixed layer) for the linearly decreasing w model can be twice as great as that of the con-
stant w model. However, as discussed in the following section, the upwelling rate of the linearly decreas-
ing w model at the depth chosen for the base of the euphotic zone is nearly identical to that of the
constant w model. Thus, the model choice has minimal implication for nutrient flux and new production
estimates.

3.2. Estimating Vertical Diffusion in the Upper Thermocline

The shape of the 7Be profile beneath the mixed layer can be approximated by the one-dimensional vertical
advection-diffusion equation with a radioactive decay term, where Kz is the vertical mixing coefficient [e.g.,
Kadko and Johns, 2011].

Table 3. Upwelling Rates Determined by Depth-Dependent Upwelling Model With Horizontal Advection

Station Zw (m)a

u = 0.0m/s u = 0.05m/s u = 0.1m/s u = 0.2m/s

wH
b wH

b wH
b wH

b

1 142 4.9 4.6 4.4 3.9
7 150 2.0 1.7 1.3 0.70
9 154 1.65 1.6 1.5 1.4
11 152 0.51 0.275 0.04 �0.43
13 153 0.135 0.01 �0.12 �0.37
15 173 0 0.08 0.15 0.30

aDepth where w is zero at 100m below the base of the mixed layer.
bwH =w at the base of mixed layer.
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∂
∂z

Kz
∂C
∂z

� �
� λC � w

∂C
∂z

¼ 0 (4)

For constantw (>0 for upwelling) and Kz over the
7Be tail layer beneath the mixed layer, a simple exponential

solution is derived:

C zð Þ ¼ Coe
∝ z�Hð Þ (5)

where the depth attenuation coefficient is

α ¼ w
2kz

þ 1
2

w
kz

� �2

þ 4λ
Kz

( )1
2

(6)

The assessment of the upwelling rate w does not require consideration of vertical mixing or the shape of the
7Be profile because only the integrated inventory is considered. Independently of that calculation, the 7Be
profiles are fit to equation (5) to derive α. Using the fitted value of α and the value of w derived from the sta-
tion inventory allows Kz to be derived from equation (6). For the constant upwelling model, the case where
u=0.1m/s is used. For the linearly decreasing wmodel, the case of u= 0.1m/s is also used and Kz is approxi-
mated using equation (6) with the value of w at the depth of the euphotic zone for the purpose of calculating
the nitrate flux and new production (sections 3.3 and 3.4). Values of α and Kz are shown in Table 4. The results
indicate that the upwelling rate for the constant wmodel is nearly identical to that of the linearly decreasing
wmodel at the depth chosen for the base of the euphotic zone (discussed in section 3.3), as are the derived
values of Kz. Plots of

7Be modeled by equation (5) are shown in Figure 5. For the stations nearest the shore
(1–11), the model cannot fit the entire profile from the base of the mixed layer to depth, as discontinuities
in the accompanying temperature profiles suggest the system is not strictly one-dimensional nor adhering
to constant w and Kz over the entire profile. For example, Brink et al. [1983] discuss poleward undercurrents
observed on and near the shelf, which cannot be resolved with this data set. However, for the depths around
the base of the euphotic zone relevant to evaluating nutrient fluxes and primary production, the model per-
forms well. The 7Be profiles are quite sensitive to the assumed Kz values and provide a fairly strong constraint
on the magnitude of the local vertical mixing. Values of Kz derived here are comparable to those reported by
Haskell et al. [2015], and both works indicate a generally increasing trend of this parameter from the south to
the north. It must be noted that the depth of the euphotic zone (section 3.3) for station 13 is 24m deeper than
the deepest 7Be sample and likely resides in a different water mass as suggested by a plot of temperature-
salinity (not shown). Thus, the Kz derived from this tracer for station 13 should be used with caution.

For comparison, Kz can be derived from the temperature profiles using the approach of Craig [1969], where
the temperature at some depth Tz between an upper boundary z=m and a deep boundary z= o is given by

Tz ¼ Tm � Toð Þ exp z=z*ð Þ � 1½ �
exp zm=z*ð Þ � 1½ � þ To (7)

The value z* is the one-dimensional mixing parameter Kz/w. With w derived from 7Be, profiles of T are gener-
ated for chosen values of Kz. These results are presented in Figure 5. Again, single values of K/w cannot pro-
vide a fit for the entire temperature profile for nearshore stations but provide a reasonable fit for the depths
around the base of the euphotic zone for stations where w> 0 and yield values of Kz comparable to those

Table 4. Vertical Diffusion Coefficients (Kz)

Station α

Constant w Model, u = 0.1m/s Linearly Decreasing w Model

Kz (10
�4m2/s) wH Zc

a wb Kz (10
�4m2/s)

1 0.076 4.4 2.7 80 2.7 4.4
7 0.030 4.5 0.75 94 0.75 4.5
9 0.034 3.55 0.68 110 0.68 3.55
11 0.030 1.7 0.02 140 0.005 1.7
13 0.023 2.5 �0.06 147 �0.01 2.8
15 0.023 3.3 0.09 167 0.01 2.9

aZc is depth (PPZ) where the fluorescence trace first crosses the 10% level.
bUpwelling rate at Zc.
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Figure 5. Plots of 7Bemodeled by equation (5): (a) station 1; (c) station 7; (e) station 9; (g) station 11; (i) station 13; (k) station
15. These are compared to the plots of temperature modeled by equation (7) and using w determined from the 7Be
method: (b) station 1; (d) station 7; (f) station 9; and (h) station 11. The station 11 result illustrates that asw approaches 0, the
temperature profile becomes linear and Kz cannot be well resolved. For stations 1–11, 7Be and temperature models are
plotted for all depths beneath the mixed layer as well as for the best fit at depths near the euphotic zone. Temperature
profiles generated by equation (7) using various values of K/w (see text): (j) station 13; (l) station 15.
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derived from the 7Be model (Figure 5, stations 1–9). Because temperature is a conservative tracer, as w
approaches zero (i.e., diffusion only), the temperature profile becomes linear and Kz cannot be resolved
[Craig, 1969]. This is illustrated in Figure 5h for station 11 where diffusion rates differing by a factor of 50 are
not well resolved. For station 13 (Figures 5i and 5j), the temperature profile is linear between approximately
85 and 111m depths. Apparent curvature below that interval results from intrusion of a different water mass
as suggestedbyaplotof temperature-salinitymentionedabove.Within thedepth interval (111–160m)encom-
passing the euphotic zone depth and deeper than the deepest 7Be sample, temperature profiles generated by
several values of K/w are plotted in Figure 5j. The line defined by K/w=�360m represents the fit to the 7Be

Figure 5. (continued)
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model (Figure 5i), where w=�0.06m/d and Kz= 2.5 × 10�4m2/s. The line defined by K/w=�72m yields
Kz=0.5 × 10�4m2/s.A factorof5differenceofKz isnotwell resolvedby thismethod. For station15, the tempera-
ture profile and profiles generated by several values of K/w are plotted in Figure 5l. The line defined by K/
w= 317m represents the fit to the 7Be model (Figure 5k), wherew= 0.09m/d and Kz= 3.3 × 10�4m2/s. Values
of K/w within the envelope defined by 317m and �62.5m are not readily distinguished from one another,
but curvatureof the temperature profile of station15 corresponding toK/w=�62.5may suggest downwelling.
Based on the wind stress field, it has been estimated that downwelling at this site is ~�0.1 to�0.2m/d [Risien
andChelton, 2008].Note that thedifferencebetween thesevaluesand the0.09m/dof the 7Bemodel fallswithin
the0.1–0.2m/duncertaintyof the7Bemethoddiscussed in section3.1. IfK/w=�62.5mandw=�0.2m/d, then
Kz=1.45 × 10�4m2/s, which is about half that determined by the 7Be approach.

3.3. Nitrate Fluxes

Here the upwelling velocities (Table 3) and vertical eddy diffusivities (Table 4) derived in sections 3.1 and 3.2
are applied to nitrate profiles to estimate new production for the eastern section of the U.S. GEOTRACES East
Pacific Zonal Transect (EPZT). The flux of nitrate at any depth z is given by

FNO3z ¼ w * NO3½ �z þ Kz* δ NO3½ �=δzð Þz (8)

The nitrate flux for each station is plotted as a function of depth in Figure 6. Depth variation in flux stems from
the depth dependence of upwelling velocity, nitrate concentration, and gradient in nitrate concentration.
Note that Kz is fixed at the value indicated in Table 4. While Kz may increase above the depth of the euphotic
zone toward the base of the mixed layer [e.g., Rhein et al., 2010; Kadko and Johns, 2011], for these stations, the
effect on the flux profile is small because the gradient in nitrate generally decreases as well.

The flux into the euphotic zone is

FNO3 ¼ w * NO3½ �c þ Kz* δ NO3½ �=δzð Þc (9)

where [NO3]c represents the nitrate concentration at the base of the euphotic zone. The euphotic zone is the
depth range where daily gross primary production exceeds daily autotrophic respiration and thus net pri-
mary production exceeds zero and has been traditionally assumed to be the depth to which 1% of surface
photosynthetically active radiation (PAR) remains. However, using 14C estimation of net primary productivity,
Marra et al. [2014] show that the compensation depth (Zc) can be tens of meters deeper than the traditional
1% PAR definition. They suggest that Zc will be more closely related to the depth that encompasses auto-
trophic biomass, indicated by in vivo fluorescence measurements, than the depth horizon of 1% of surface
PAR. Similarly, Chavez and Barber [1987] suggested that in the eastern tropical Pacific primary production
could be well estimated from accurate determinations of the depth distribution of chlorophyll. The data of
Marra et al. [2014] suggest Zc can occur from the base of the fluorescence maximum to where the fluores-
cence approaches the level of noise. More recently, the level where the fluorescence signal approaches
10% of the fluorescence maximum has been adopted as defining the euphotic zone, or the particle produc-
tion zone (PPZ) [Owens et al., 2015; Ohnemus et al., 2016]. This definition is used here for the purpose of cal-
culating the nitrate fluxes into the euphotic zone, which are presented in Table 5, but the reader can choose
any depth of the flux profiles (and the corresponding flux) in Figure 6.

The net flux in Table 5 is calculated as the difference between the summed vertical transport terms and the
horizontal export at the surface:

Net FNO3 ¼ FNO3 �wH NO3½ �o (10)

where [NO3]o is the mixed layer nitrate concentration. A positive net FNO3 is determined for all stations at the
PPZ except for station 7. At station 7, the horizontal export term exceeds the nitrate flux calculated at the PPZ
(94m, Tables 4 and 5). With the parameters chosen here, a positive net FNO3 is reached higher in the water
column, at 70m depth. For the offshore stations (11, 13, and 15), vertical advection is negligible such that ver-
tical transport is dominated by turbulent diffusion. In this case, the nitrate flux is quite sensitive to the choice
of Kz. For example, for station 13, while there is overlap of Kz values derived from the 7Be and temperature
models, the temperature model (equation (7)) suggests Kz could be a factor of 5 less than that derived from
7Be; however, the resolution for the temperature model is poor for diffusive systems. For station 15, the tem-
perature model suggests that Kz could be half that indicated by the 7Be model; this would lower the estimate
of new production discussed below.
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Figure 6. Temperature, fluorescence, NO3, and NO3 flux plotted again depth for the stations in this study. The horizontal
dashed black arrow indicates the depth of the euphotic zone (see text).
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3.4. New Production

New production is estimated by multiplying the net nitrate flux by a C:N ratio of 6.6. The results are shown in
Table 5. While there is no consensus on the best way to estimate new/export production [Laws et al., 2000], it
is still instructive to compare the estimates here to literature values. Station 1, the furthest inshore station and
that displaying the coldest SST, had by far the highest derived new production of 134mmol C/m2/d. This
value is comparable to the 160mmol C/m2/d for the PCU based on estimated nitrate uptake using 15N tracer
[Wilkerson et al., 1987]. Chavez and Barber [1987] derived 95mmol C/m2/d for the Peru coast from 14C uptake
and an assigned f value (the ratio of new production to total production) of 0.5 based on Eppley and Peterson
[1979] for high-productivity regions. Laws et al. [2000] present a value of f for Peru of 0.42 that would lower
the Chavez and Barber estimate to 80mmol C/m2/d. Pennington et al. [2006] present a value of
298mmol C/m2/d for production in the PCU, which combined with the 134mmol/m2/d value of new produc-
tion for station 1 derived here yields a value for f of 0.45.

The average new production determined by the 7Be method for all stations west of station 1 is
15mmol C/m2/d. For stations where vertical transport is dominated by turbulent diffusion (particularly 13
and 15), analysis of temperature profiles suggests that this average represents an upper limit, although in
such cases the resolution of the temperature model is poor. Chavez and Barber [1987] report a value of pri-
mary production for a zone west of 92°W between 3°N and 17°S of 42mmol C/m2/d and for a zone west of
85°W between 4°N and 10°S of 64mmol C/m2/d. Recognizing the problem of comparing measurements
separated by time and different spatial extent, the implied range of f from the primary production measure-
ments of Chavez and Barber and the 7Be-derived new production estimates here is 0.23–0.36. Fiedler et al.
[1991], using upwelling velocities estimated from divergence of horizontal transport, derived new production
along 10°S, west of 81°W, of ~17mmol C/m2/d, comparable to that presented here. They also present a regio-
nal value for f of 0.29 ± 0.11. Pennington et al. [2006] present a value for primary production of 31.3mmol/m2/
d for the eastern boundary current west of the PCU, which considered with the average new production west
of station 1 here yields f= 0.48. For the equatorial Pacific between 170°W and 95°W, Emerson [2014] reports an
average new production of 9mmol C/m2/d, which is derived from a compilation of various methods. Finally,
Haskell et al. [2015], using an approach similar to that of this paper, derived new production of 19mmol C/m2/
d for a station at 10°S, 100°W; the calculated new production for the nearest location to that site in this paper
(station 13, 14°S, 99°W) is 38.9mmol C/m2/d.

Knapp et al. [2016] considered N2 fixation as a factor in export production and showed that it is a minor source
of new nitrogen to surface waters in this region, suggesting that the NO3 flux should be representative of C
export. It is therefore interesting to compare the calculated new production to the carbon export flux. Black
et al. [submitted] derived POC fluxes, based on the 234Th deficit method [e.g., Buesseler et al., 2006], for the
EPZT stations. For both the nearshore and offshore regions, the POC flux is less than the new production
calculated here. This is not unexpected, but the difference between the new production calculated here
for nearshore station 1 (134mmol C/m2/d) is ~100mmol C/m2/d greater than the POC flux determined by
Black et al. for station 1 as well as stations further inshore not discussed here. Earlier estimates of POC fluxes

Table 5. NO3 Fluxes and NCP (mmol/m2/d) at Zc

Station

NO3

Advected Diffusive Sum Neta NCPb

1 55.2 �0.30 54.9 20.3 134 (1.6)
7 12.6 2.8 15.4 <0c -
9 14.3 6.7 21.0 1.1 7.3 (0.09)
11 0.07 2.38 2.45 2.1 14.1 (0.17)
13 �0.07 5.7 5.6 5.9 38.9 (0.47)d

15 0.03 2.35 2.4 2.25 14.9 (0.18)d

aNet nitrate flux into the euphotic zone, defined as the PPZ (see text).
bNet community production (mmol C/m2/d) basedon thenetnitrateflux × 6.6.Numbers inparenthesis are ing C/m2/d.
cWith the parameters chosen here, a positive net nitrate flux at station 7 occurs higher in the water column (70m)

than the PPZ (94m) and equals 0.1mmol/m2/d (see text).
dAnalysis of the temperature model suggests these values are an upper limit (see text).
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from this region, also determined by the 234Th deficit method, were similarly found to be quite low compared
to estimates of primary production [Haskell et al., 2013]. Plattner et al. [2005] describe how export production
can become spatially decoupled from new production because a fraction of the newly produced organic
material can be transported laterally before leaving the euphotic zone, a process known to be particularly
important in dynamic coastal upwelling systems. A rough calculation suggests that this could be the case
here. For the nearshore stations of this study, the difference between mixed layer and deep DOC~ 20μM
(C. Carlson, pers. comm.) and the difference between mixed layer and deep suspended total POC is
~10μM (P. Lam, pers. comm.). Multiplying the sum of these terms by the upwelling rate (~4m/d, which repre-
sents the divergence of horizontal flow in the mixed layer as shown in Figure 4) yields a potential lateral flux
of 120mmol/m2/d, suggesting the importance of decoupling in this region.

4. Conclusions

Rates of upwelling and vertical diffusion within the upper thermocline were derived for stations between
79°W and 104°W along the U.S. GEOTRACES EPZT utilizing a previously developed method based on water
column measurements of 7Be. These transport terms were applied to nitrate profiles to estimate net commu-
nity production within the zone of active upwelling to the edge of the oligotrophic gyre. The derived upwel-
ling rates are somewhat model dependent. The constant w, one 1-dimensional model yielded calculated
upwelling rates that were inversely related to mixed layer temperature and ranged from 0 to 3.0m/d.
Results using a depth-dependent upwelling rate with a component of horizontal advection were also
developed, which led to higher upwelling rates at the base of the mixed layer. The upwelling rates derived
from the constant w model were however nearly identical to the w of the depth-dependent model at the
base of the euphotic zone, as were vertical diffusivities. Vertical diffusivities based on 7Be profiles near the
base of the euphotic zone were in the range 1.7–4.5 × 10�4m2/s. For nearshore stations, these values were
comparable to those generated by analysis of temperature profiles. For offshore stations, analysis of
temperature profiles suggests the 7Be-derived values represent an upper limit, although for diffusion-
dominated stations, the resolution of the temperature model is poor. Net community production derived
here averages 15mmol C/m2/d for stations between 84°W and 104°W and is 134mmol C/m2/d for the furth-
est inshore station at 79°W which displayed the lowest SST and greatest rate of upwelling. These rates are
comparable to those found in the literature based on other methods. For the nearshore stations export pro-
duction can become spatially decoupled from new production because a fraction of the newly produced
organic material can be transported laterally before leaving the euphotic zone. The tracer technique used
here provides insight into the underlying physical transport which ultimately drives the new production.
Higher-resolution sampling both offshore and along shore, in tandem with other tracers (such as 3He), might
better resolve the depth dependence of upwelling and source waters.
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