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Abstract. To quote Libby and Wheeler (1997), “we have 1 Introduction
only a cursory knowledge of the distributions of dissolved

and particulate organic nitrogen” in the equatorial Pacific. 114 central and eastern equatorial Pacific regions display
A decade later, we are still in need of spatial and tempo-

o ersistent High-Nutrient-Low-Chlorophyll (HNLC) condi-
ral analyses of these organic nitrogen pools. To addresg

his | | basi le phvsical-bi hemi ons, which are attributable to both the micro-nutrient lim-
this Issue, we employ a asin scale pnysical-biogeoc em_'c"’}{ations on phytoplankton growth and the grazing control
model to study the spatial and temporal variations of dis-

on phytoplankton abundance by micro-zooplankton (Landr
solved organic nitrogen (DON) and particulate organic nitro- phy’op y P ( y

\ {t al., 1997; Landry and Kirchman, 2002; Le Borgne and
gen (PON). The model is gble to reproduce marny observe andry, 2003; Wang et al., 2005a). It is believed that commu-
features of nitrate, ammonium, DON and PON in the cen-

. oo . - nity growth is limited by insufficient iron in the euphotic zone
tral and eastern equatorial Pacific, including the asymmetrie$~ 1o ot a1 1996 Martin et al.. 1994- Wang et al., 2005a;

of nitrate and ammonium, and the meridionarlréiistributions Behrenfeld et al., 2006), and diatom growth also by silica
of DON and PON. Modeled DON (5-8 mmolm) shows  py,qqale and Wilkerson, 1998; Chai et al., 2002). To date,

small zonal and meridional variations in the mixeq layer - ost studies of the marine nitrogen cycle have largely fo-
whereas _model_ed .F.)ON (0i4_l'5 m_mcl%pshows consider- ._cused on the distribution and behavior of nitrate in the equa-
able spatial variability. While there is a moderate seasonalltytorial Pacific. As Libby and Wheeler (1997) stated, “we have
in both PON and PON, n .t.he _mlxed layer, _there ISa mL_‘Ch only a cursory knowledge of the distributions of dissolved
weaker interannual variability in DON than in PON. The in- o4 haiculate organic nitrogen in this region,” and “a com-
terap[]ual variability n PO_N is largely associated with the prehensive evaluation of both inorganic and organic N-pools
El Nifio/Southern Oscillation (ENSO) phenomenon, show-j important to achieve an understanding of the transport and

ing high values during cold ENSO phase but low values dur'regeneration of nitrogen in the equatorial Pacific.”
ing warm ENSO phase. Overall, DON and PON have signif-

icant positive correlations with phytoplankton and zooplank-  While there are several field studies which have measured
ton in the mixed layer, indicting the biological regulation on Particulate organic nitrogen (PON) in the equatorial Pacific

distribution of organic nitrogen. However, the relationships (LIPPY an.d Wheeler, 1997; Eppley et al., 1992; Raimbault et
with phytoplankton and zooplankton are much weaker fordl-» 1999; Pena et_al., 1991, 1992), only two S_tudles have re-
DON (r=0.18-0.71) than for PON (r=0.25-0.97). Such a dif- ported concentrations of dissolved organic nitrogen (DON)

ference is ascribed to a relatively larger degree of physicafR@imbault et al., 1999; Libby and Wheeler, 1997). The
control (e.g., upwelling of low-organic-N deep waters into limited data show little variations in both PON and DON

the surface) on DON than PON. concentrations below 150 m in the central equatorial Pacific
(Raimbault et al., 1999). Overall, observations show consid-
erable variations in the surface PON{.7uxm) concentra-
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Dust

Table 1. Southern Oscillation Index (SOI), PON and DON concen-

trations (mmol nT3) in the area of 140W-125 W, 8° N-8° S, and
[ ¥ v the least significant difference (LSD) among three periods.
ﬂ Nitrate ‘7 4;|’ Ps | *’ PL ‘
J -
—{1 v ¥ Year Month SOl DataPON Model PON  Model DON
' Zs z, Fa
[ [ 1 | - 2005 September 0.4 0.73 1.16 6.62
=== w 2006 January 18 067 112 6.72
4 2006 September —0.7 0.61 1.06 6.57
Pr DON ADS =3 D# LSD (P=0.05) 0.05 0.02 0.02
Mixing Sinking Sinking Mixing

2 Materials and methods
Fig. 1. Flow diagram of ecosystem model. Red, green, blue and
yellow lines and arrows denote nitrogen fluxes originating from in- 2.1  Ocean physical-biogeochemical model
organic forms, phytoplankton cells, zooplankton cells, and DON
and detritus, respectively. Black lines and arrows denote physicallhe ocean general circulation model (OGCM) is based on a
supply of nutrients. primitive equationg -coordinate model that is coupled to an
advective atmospheric mixed layer model (Gent and Cane,

Overall, the surface DON concentrations show relatively 1989; Murtugudde et al., 1996). The model has 20 verti-
weak meridional variations in the central and eastern equacal layers with variable thickness. The first layer, the mixed
torial Pacific. Interestingly, there is a considerable differ- layer, is determined by surface turbulent kinetic energy gen-
ence (approximately 2 mmolmd) in the surface DON con- eration, dynamic instability mixing, and convective mixing
centration between the two reports with relatively higher val-to remove static instabilities (Chen et al., 1994). The model
ues along 125W and 140 W during September—November is set up for the Pacific domain betweerf 33-3C N, with
1992 (Libby and Wheeler, 1997) than along 180 during  zonal resolution of 1longitude, and stretched meridionally
November 1994 (Raimbault et al., 1999). One would ask0.3* within 5°S-5 N to 0.5 in the off-equatorial regions
if such a difference is ascribed to the spatial variability (i.e., (5°=15’) and F near the southern and northern boundaries.
125 W-140 W vs. 150 W), the interannual variability (i.e., The model is forced by solar radiation, cloudiness, surface
1992 vs. 1994), or both? Previous observation and modelwind stress, and precipitation. The air temperature and hu-
ing studies have shown large spatial and temporal variationsnidity are computed by the atmospheric mixed layer model.
in physical and biogeochemical processes occurring in the'he solar radiation, precipitation, and cloudiness are clima-
equatorial Pacific (Feely et al., 2002, 2006; Chavez et al.tologic monthly means. The surface wind stresses are 6-
1999; Murtugudde et al., 1999; Wang et al., 2006a, b). How-day means from the NCEP reanalysis (Kalnay et al., 1996).
ever, little is known about the large scale spatial and temporalWind-speeds are computed from wind-stresses, resulting in
variations of DON and PON in the equatorial Pacific. Obser-interannual wind forcing and latent and sensible heat fluxes
vations are limited not only in terms of spatial and temporal which are the most important surface forcings at interan-
coverage, but also in terms of a lack of key parameters regnual time-scales in the equatorial Pacific. Initial conditions
ulating the variability. Hence, modeling studies offer con- are taken from a climatological run, which has been spun
siderable promise not only for filling the gaps in the spatio- up for 30 years with initial conditions from the WOA98
temporal variability, but also for enhancing our understand-atlas fttp://www.nodc.noaa.gov/OC5/dat@a.htm). We
ing of the mechanisms underlying the observed variability. then perform an interannual run starting from 1948, and use

In this study, we apply a fully coupled basin-scale model outputs from the period of 1990-2007 for our analy-
physical-biogeochemical model that is developed for theses.
equatorial Pacific (Christian et al., 2002; Wang et al., 2006a). The biogeochemical model, modified from that of Wang et
The model has shown the ability of simulating the ecosys-al. (2006a), consists of three nutrients: nitrate, ammonium,
tem dynamic, and spatial and temporal variations in biogeo-and dissolved iron, and seven biological pools: small (S) and
chemical fields (e.qg., chlorophyll, primary productivity, new large (L) sizes of phytoplankton (Pand R,), zooplankton
production, sea surface pG@nd ocean-atmosphere €0 (Zs and Z.) and detritus (@ and D;), and dissolved organic
fluxes) (Wang et al., 2005a, 2006a, b). The objective ofnitrogen (DON) (Fig. 1). All biogeochemical variables are
this study is to investigate the spatial and temporal variabil-computed in a similar manner to physical fields for all 20
ity of DON and PON and biological vs. physical influences. layers without restoration. The biological source/sink term is
Our approach includes model validations of the main nitro-calculated by the equations given in Appendix A. Model bi-
gen components, and analyses of relationships of DON andlogical parameters are given in Appendix B. Modeled total
PON with various physical and biogeochemical parameters.inorganic nitroegen (TIN) is a sum of nitrate and ammonium
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Table 2. Correlations (r) of the mixed layer DON and PON with Z20, ferricline, mixed layer iron concentration, phytoplankton biomass
(Phyto), and zooplankton biomass (Zoo) using monthly averages for the period of 1990-2007.

Region Z20 Ferricline Iron Phyto Zoo
—DON—

NCP (5 N-C°, 150° W) —0.03 —0.11 0.00 0.50*** 0.56***
NEP (3 N-0°, 110° W) 0.10 —0.06 —0.01 0.40*** 0.18*
SCP (0-5° S, 150 W) 0.15* 0.14  0.20** 0.48** 0.60***
SEP (0-5°S, 110 W) —0.01 0.18*  0.28** 0.66*** 0.71***
—PON—

NCP (5 N-0°, 150° W) —0.29"* —-0.34*** 0.75"* 0.66*** 0.97***
NEP (5 N-0°, 1100 W) —0.38***  —0.32** 0.69***  0.25** 0.97***
SCP (0-5° S, 150 W) 0.03 —0.01 0.81%* 0.74*** 0.97***
SEP (0-5°S, 110 W) —0.26** —0.39*** 0.72%* 0.74** 0.92***

Values shown are Pearson correlation coefficients. Significant correlations are marked witk @185)ptwo (p<0.01) and three (§0.001)
asterisks.

whereas modeled PON is estimated as a sum of phytoplankhe surface along 13@V, which was much lower than the
ton, small zooplankton, and detritus: PON PP, + Zg + concentrations of~0.7um PON measured by Libby and

Ds +Dy. Wheeler (1997). In this study, we use the mean surface con-
_ centrations 0of~0.7um PON (Table 1 in Libby and Wheeler,
2.2 Insitu PON data 1997). We obtain the surface DON concentrations by sub-

. . _ . tracting PON from total organic nitrogen (TON) in their Ta-
As part of the Equatorial Box Projechtp://web.science. e 2 e also use their data of nitrate and nitrite to estimate
oregonstate.edu/ocean.productivity/boxphpurface PON 1|y

measurements were conducted during three Tropical Atmo-

sphere Ocean (TAO) cruises in September 2005, January

2006, and September 2006. Water samples were collecte8 Results

at 3m from the flow-through seawater system, and filtered

through pre-combusted Whatman GF/F filters. Filters were3.1 Model-data comparisons

individually sealed in aluminum foil sleeves and placed in _. i
liquid Nitrogen for the remainder of the cruise and transportFigure 2 presents the comparisons of surface TON, TIN,
back to the lab. Prior to laboratory analysis, filters were dried®ON and PON between the model and the observations dur-

at 50°C then packed into Nickel sleeves which had been preiNd the period of September—November, 1992. Overall, mod-
combusted in a muffle furnace at 9@for one hour. The €ledsurface TON and TIN show good agreement with obser-
filters were analyzed for nitrogen contents using a carbonY&lions in the eastern equatorial Pacific (Libby and Wheeler,
hydrogen-nitrogen (CHN) elemental analyzer (Exeter Ana-1997). For example, model simulations capture the observed
lytical Inc. Model 440). Technique details regarding CHN meridional variations of surface TIN, which is the highest

sampling and measurements can be found in Behrenfeld an@" the equator, and relatively higher to the south than to the

Boss (2006). PON data can be accesséttpt/web.science. north. While the model simulates reasonable surface TON
oregonstate.edu/ocean.productivity/box.data.php concentrations, the model underestimates the surface DON

concentrations especially north of the equator along Y40
2.3 Otherin situ data and 125 W. Modeled PON concentration is slightly higher
than the observed on the equator. Interestingly, the mag-
Previous field studies reported in situ PON concentration fomitude and meridional variation of PON-0.5 mmol N nm3
the surface water along 12W, 125 W, and 110 W during  off the equator ane-1 mmol N nT3 on the equator) from the
September—-November 1992 (Libby and Wheeler, 1997), ananodel are similar to those measured at1\8bduring April
for the vertical distributions along 150V during November 1988 (Pena et al., 1991).
1994 (Raimbault et al., 1999). From the early study (Libby Hydrological and biological data were collected along
and Wheeler, 1997), averaged surface PON concentratioh50° W during November 1994 in the equatorial Pacific
showed a range of 0.9—-1.9 mmotfor >0.2um particles,  (Raimbault et al., 1999), which allows us to further validate
and 0.4-1.6 mmol m? for >0.7um particles. For the late the biogeochemical model. Here, we present model simu-
study (Raimbault et al., 1999), PON concentration rangedations of nitrate, ammonium, DON and PON for the same
from 0.2 mmol n3 below 100 m to 0.4-0.6 mmoln¥ near  period, to compare with those presented in their Figs. 4 and

www.biogeosciences.net/5/1705/2008/ Biogeosciences, 5, 17032008
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Fig. 2. Modeled (lines) versus observed (symbols) surface (0—40 m) concentrations of TON, TIN, PON and DO(d)edmiaigb) 140° W,

(c)and(d) 125> W, and(e) and(f) 110° W. Left column: solid lines and stars denote TON, and dashed lines and triangles TIN. Right column:
solid lines and stars denote PON, and dashed lines and triangles DON. Data are from (Libby and Wheeler, 1997). For both model and data
TON = PON + DON; for Model, TIN = nitrate + ammonium; for data, TIN = nitrate + nitrite.

5. Our model does not have other inorganic nitrogen poolsmean concentrations of mixed layer PON from the model.
such as nitrite and urea so we expect that modeled nitrat&#he modeled PON concentrations (0.8—1.2 mmof)nin
concentration may be slightly higher than in situ nitrate con-the mixed layer are systematically higher than the measured
centration. Model simulations capture some of the observed®ON concentration near the surface. We will further discuss
features, as documented by Raimbault et al. (1999), for nithe issues of model-data and data-data comparisons in the
trate and ammonium (Fig. 3), including the deep ammoniumDiscussion section.

maximum at~100 m, and the asymmetric features of nitrate

and ammonium. Modeled DON and PON show re|ative|y 3.2 Spatial distributions and seasonal Variability

uniform distributions in the upper 100 m, which is similar to
the observations. For instance, modeled surface DON vari
ations (4.5—-7 mmol m3) are similar to the observed values

(5-6.5mmol nT3). However, modeled surface PON varia- " 3 C
tions (0.3-1.2mmol m?) are considerably larger than the Mixed layer DON (5-7 mmol mr). Zonal and meridional

observed (0.3-0.6 mmolm), which may be partly due to variations in the mixed layer DON are small (varing by less
the inclusion of zooplankton (see discussion in the Sect. 4.1)than a factor of two), which is different to most of the other

biogeochemical parameters (varying by a factor of 3 to 10)

Recent observations show that the near surface (3mjuch as phytoplankton and zooplankton biomass, primary
PON concentrations range from 0.5 to 1 mmoidmwith productivity or new production (e.g., Wang et al., 2006a).
slightly higher values near the equator along1\26-140 W Model simulations show little change in the mixed layer
(Fig. 4). These recent data also show considerable short-terf@ON concentrations from 13W to 140 W-125 W, which
variations (e.g., from 0.55 to 0.74 mmohthat 140 W, 8° S rules out the possible responsibility of spatial variability for
in 9 September 2005), suggesting the possibility of a diel cy-the reported DON differences between along°\d0during
cle. Itis not meaningful to inter-compare the model and dataNovember 1994 (Raimbault et al., 1999) and along°M5
at shorter than weekly time-scales since the model is forcednd 140 W during September—November 1992 (Libby and
by weekly mean surface conditions. Here, we show monthlyWheeler, 1997).

Figure 5 shows the climatology (1990-2007) of the mixed
layer and vertical distributions of DON and PON from the
model. Model simulation shows a narrow range for the

Biogeosciences, 5, 1705#21 2008 www.biogeosciences.net/5/1705/2008/
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(a) Nitrate (mmol N m~%) (b)  Ammonium (mmol N m™9)

Depth (m)

(c) DON (mmol N m™?) (d) PON (mmol N m™3)

Depth (m)

Fig. 3. Modeled contour plots df) nitrate,(b) ammonium{(c) DON, and(d) PON along 150W in November 1994.

Modeled surface PON shows considerable spatial variabil-coincide with high iron concentrations, the seasonality is rel-
ity with the highest concentrations revealed along the equaatively weak in the mixed layer DON~1 mmol nm3) and
tor, which is similar to those of phytoplankton and zooplank- PON (<0.3 mmol n13) given the strong seasonality in the
ton biomass, primary productivity and new production (e.g., mixed layer iron concentration.
Wang et al., 2006a). Similar meridional variations have been Figure 7 presents the simulated mixed layer depth (MLD),
found in the in situ surface PON in 1988 (Pena et al., 1991)the 20C isotherm depth (Z20), and DON profiles along
and 2005-2006 (Fig. 4), and in the satellite-derived surfacel5¢° W and 110 W during boreal spring (March—-May) and
particulate organic carbon (POC) in the equatorial Pacificfall (September—November). Clearly, there are pronounced
(Gardner et al., 2006). The subsurface DON shows relativelyasymmetries in MLD and Z20. Asymmetric features have
higher concentrations in the central equatorial Pacific than irbeen found in nitrate, silicate, dissolved inorganic carbon,
the eastern equatorial Pacific. However, the subsurface PORnd sea surface pGan the equatorial Pacific (Feely et al.,
shows little zonal variability. 1997; Jiang and Chai, 2005; Murray et al., 1995; Archer et

The equatorial Pacific undergoes significant seasonadl., 1997; Dugdale et al., 2002), which may be largely as-
changes in physical processes: the warm season (Marctsociated with the asymmetries in mass exchanges between
May) in association with large solar warming and weak wind the equatorial and off-equatorial Pacific Ocean (Kug et al.,
mixing (Cronin and Kessler, 2002), and the upwelling seasor?003). However, modeled DON reveals weak to moderate
with strong winds in boreal fall. Our previous studies have asymmetric features in the upper 200 m. Model simulations
shown seasonal patterns and asymmetric features in physicahow subsurface DON maxima off the equator, which has
and biogeochemical fields. This study shows marked dif-been observed along 15®/ (Raimbault et al., 1999). In
ferences in the seasonal variations of the mixed layer DONgeneral, DON concentrations below 120 m are lower on the
and PON between the north band [$-0°) and south band equator than off the equator particularly in the eastern equa-
(0°=5° S) (Fig. 6). In the north band, modeled iron, DON torial Pacific, which may reflect upwelling of low-DON wa-
and PON concentrations show considerable seasonal variders from deep layers.
tions in the mixed layer£10 nmol nt3, ~1 mmol nT3 and Modeled PON shows considerable asymmetries in the up-
>0.3mmol nT2 in amplitude, respectively) with the high- per 100 m, but weak asymmetries below 100 m (Fig. 8). The
est values in boreal spring in the central equatorial Pacificmodel reproduces some observed PON features such as a
In contrast, there is a strong seasonality in the mixed layesurface peak on the equator, and subsurface maxima off the
iron concentration 20 nmol nT3) with the highest values equator (Pena et al., 1992). The subsurface PON maxima
in boreal summer/fall in the south band of the eastern equaappear when the off-equatorial MLD is relatively shallow.
torial Pacific. While high concentrations of DON and PON Unlike DON, PON concentrations below 120 m are higher

www.biogeosciences.net/5/1705/2008/ Biogeosciences, 5, 17032008
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(a) September 2005

PON (mmol N m™)
O
[@))]

(b) January 2006

PON (mmol N m™)

%
\
~
(@]
o~
o

Latitude (degree)

Fig. 4. Modeled (lines) versus measured (symbols) surface concentrations of PONAN3425 W) in (a) September 2005)p) January
2006, and (c) September 2006.

on the equator than off the equator along 1) indicat- 3.3 Interannual variability

ing enhanced biological activities, and thus PON accumula-

tions in association with upwelling. While upwelling may The equatorial Pacific is known to undergo significant

bring PON-poor waters from the deep ocean into the surfacehanges of physical and biogeochemical properties at in-

(Pena et al., 1991), this study shows that biological accumuterannual time-scales, which are associated with the El

lations exceed physical removals in the equatorial upwellingNifio/Southern Oscillation (ENSO). Our previous studies

regions. have shown significant interannual variations in phytoplank-
ton and zooplankton biomass, primary productivity, new pro-
duction, export production, net community production, and

Biogeosciences, 5, 1705#21 2008 www.biogeosciences.net/5/1705/2008/
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(a) DON (mmol N m™) (b) PON (mmol N m~
10 1.5
12°N °
8°N 8 o 1.2
4N ] 6 ° 0.9
0° n o
405 ] 4 o 0.6
8°S 7 2 ° 0.3
12°S
0 0
170°W 150°W 130°W 110°W 90°W 170°W 150°W 130°W
(c) DON (mmol N m™) PON mmo\ N m
10 0 1.5
8 40 1.2
6 80 0.9
4 120 0.6
2 160 0.3
0 200 0
170°W 150°W 130°W 110°W 90°W 170°W 150°W 130°W 110°W 90°W

Fig. 5. Modeled climatology (1990-2007) ¢&) mixed layer DON(b) mixed layer PON(c) DON profile (5 N-5° S), and(d) PON profile
(5° N-5°S).
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Fig. 6. Modeled seasonal climatology (over two years)af DON (5° N-C°), (b) PON (5 N-0°), (c) DON (5° S—C), and(d) PON
(5° S—-0) in the mixed layer. Superimposed black lines denote iron concentrations (nﬁy)imthe mixed layer.
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Fig. 7. Modeled DON profiles for the period of March—May alo(a) 150° W and (b) 110° W, and for September-November alo(@
150 W and(d) 110° W. Superimposed white and black lines denote the MLD and tR€ 28btherm depth, respectively.

150°W
(a) March—May
!

O I
7

0.9

12°S 8°S 4°S  0°

4°N - B°N 12°N

(c) September—November

200

12°S 8°S 4°S  0°

4°N 8°N 12°N

0.6
0.3
0

110°W
(b) March—May

40

80
120
160

200

12°S 8°S 4°S  0° 4°N 8°N 12°N

(d) September—November

40

80

120

160

200
12°S 8°S 4°S 0Q°

4°N 8°N 12°N

Fig. 8. Modeled PON profiles for the period of March—-May alofeg 150° W and (b) 110° W, and for September-November alo(m
150° W and(d) 110> W. Superimposed white and black lines denote the MLD and tR€ 28btherm depth, respectively.

Biogeosciences, 5, 1705#21, 2008

www.biogeosciences.net/5/1705/2008/



X.J. Wang et al.: DON and PON in the equatorial Pacific 1713

(a) DON (mmol N m™?) (b) PON (mmol N m™2)

9 1.5

) 85 0 1.35
(@] (@]
(@] (@]
N QN

8 1.2

7.5 1.05

a8 73 0.9
(@] (@]
~N N

6.5 0.75

6 0.6
(] (]

> 55 & 0.45

5 0.3

4.5 0.15
(@] (@]
[0)) [0)}

2 4 2 0

160°E 180° 160°W 140°W 120°W 100°W 160°E 180° 160°W 140°W 120°W 100°W

Fig. 9. Time-longitude contours ofa) DON (color contour) and iron concentrations (black lines), @)dPON (color contour) and iron
concentrations (black lines) averaged over th&l55° S band. Superimposed white lines denote the longitude of HNLC front (173.2-10.75
SOl).

sea-air CQ exchanges (Wang et al., 2005a, 20064, b). Here, The mixed layer PON concentration ranges from 0.5 to
we present model simulations of DON and PON for the pe-1.5 mmolnt2 in the HNLC region, varying approximately
riod of 1990-2007. Following our early studies, we employ by a factor of 3. The temporal variations in the mixed layer
an annual mean longitude of the HNLC front (Le Borgne DON and PON are smaller than most of the other biogeo-
et al., 2002) that is estimated from the Southern Oscilla-chemical parameters reported (varying by a factor of 3 to
tion Index (SOI): 173.2-10.75 SOI. The SOI values are an-10), including nutrients, chlorophyll, phytoplankton and zoo-
nual means of the standardized Tahiti minus Darwin seaplankton biomass, new production and export production
level pressures obtained from the Climate Prediction CentréChavez et al., 1999; McClain et al., 2002; Murtugudde et
(http://www.cpc.ncep.noaa.gpv al., 1999; Wang et al., 2005a, 2006a).

Figure 9 presents the time series of iron, DON and PON - copsidering the differences in the DON and PON asym-
concentrations in the mixed layer (averaged oveS5° S), metries between the eastern and central equatorial Pacific,
together with the estimated HNLC front. Overall, there is o separate our analyses into four regions: the north-
a weak relationship between DON and iron concentrationgpiral (NCP: 5N-0°, 150° W), the south-central (SCP°9
in the mixed layer. However, the mixed layer PON shows 5°S, 150 W), the north-eastern (NEP2 8-0°, 110° W),
similar spatial and temporal variations to the mixed layer jnq the south-eastern equatorial Pacific (SER:50S,
iron concentration. The model simulates a narrow rangey e \v). Model simulations show considerable seasonal-
for the mixed layer DON (6-8 mmol ) in the HNLC re- 4 interannual variations in the mixed layer iron concentra-
gion. Interestingly, modeled mixed layer DON concentra- tjon (Figs. 6 and 9) and the ferricline (defined as the depth
tions are similar during fall, 1992 and fall, 1994, ruling \yhere iron concentration = 125 nmoh3) in all the regions

out the possible contributions of interannual variability to (Fig. 10). Apparently, the surface DON has little or weak
the reported DON differences between along°M80during  rg|ationships with the surface iron concentration in all four

November, 1994 (Raimbault et al., 1999) and along®M¥5  (egions (Fig. 10). However, the subsurface DON varies
and 146 W during September—November 1992 (Libby and \yith the ferricline: low DON concentration corresponding

Wheeler, 1997). to a shallow ferricline. Statistical analyses indicate that the

www.biogeosciences.net/5/1705/2008/ Biogeosciences, 5, 17032008
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Fig. 10. Time-depth contours of DON averaged oyaj 5° N-0°, 15C° W, (b) 5° N-(°, 110° W, (c) 0°-5° S, 150 W, and(d) 0°-5° S,
110° W. Superimposed black lines denote iron concentrations of 25, 75, 125 and 175 nfmokspectively.

DON concentration at 120 m has highly significant@77, 4 Discussion
p<0.001) correlations with the Z20, indicating strong impli-

cations of physical transport (i.e., upwelling of low-DONwa- 4.1 Model-data and data-data comparisons
ters) for the subsurface DON variability in these regions.

Figure 11 shows depth-time distributions of PON and iron There are generally good agreements in the magnitudes,

concentrations. The surface PON reveals moderate seasonglyigional and vertical distributions between the modeled
variations, except in the SCP. Unlike the surface DON, thepn and observed PON. Interestingly, the simulated sur-
temporal variations in the surface PON are consistent Withface PON peak on the equator was not observed in boreal

those of the surface iron concentration. Overall, the SUry); 1997 (L ibby and Wheeler, 1997) or in boreal fall 1994
face PON shows considerable interannual variations with |°W(Raimbault et al., 1999), but was observed in April 1988

concentrations £0.6 mmol nT?) during the warm ENSO (Pena et al., 1991; Pena et al., 1992) and in 2005-2006

events (e.g., during the 1997/1998 EIfN). At 120m, (g 4) The recent observations (at 3m depth) show slightly
the PON concentration has slightly weaker correlations (r =higher PON concentrations along PA0-125 W near the
0.61-0.77) with the Z20 than the DON concentration (r =

; i Y el equator. These recent data also show some indication of
0.77-0.83), suggesting more biological implications for the jiq cycle in the surface PON (Fig. 12a). For instance,
subsurface PON than for the subsurface DON. high surface PON concentrations ¥ mmol n3) are nor-
mally found before sunrise, which may reflect zooplankton
migration to the top few meters during the night (Champal-
bert et al., 2003). Our model does not simulate zooplankton
vertical migration. Here, we assume that zooplankton do not
appear in near surface waters so modeled PON only consists

Biogeosciences, 5, 1705#21, 2008 www.biogeosciences.net/5/1705/2008/
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Fig. 11. Time-depth contours of PON averaged oyay 5° N-0°, 15 W, (b) 5° N-C°, 110° W, (c) 0°-5° S, 150 W, and(d) 0°-5° S,
110° W. Superimposed black lines denote iron concentrations of 25, 75, 125 and 175 ﬁﬁ)mbspectively.

of phytoplankton and detritus. This assumption leads to al997) than along 150N during November, 1994 (Raim-
better agreement between the modeled PON and measurdhult et al., 1999). While there are no other in situ DON
PON (Fig. 12b). However, modeled PON concentrationsdata in the equatorial Pacific, a field study shows that the
are generally higher than observed ones. On the one hangdurface TON concentrations are less than 6 mmol along
modeled PON pool may not represent observed PON pool03 W-110 W in boreal spring 1994 (Hansell and Water-
in terms of composition. On the other hand, the PON con-house, 1997), suggesting that the surface DON concentration
centrations measured on GF/F filters are considerably unmight be close to those reported by Raimbault et al. (1999).
derestimated, particulrly using the Quih filters (Libby and There have been reports of DON concentration in
Wheeler, 1997). Apparently, more studies, both field mea-gther parts of the ocean, showing a narrow range (4 to
surements and modeling, are needed to better understand thenmol| n1-3) in a majority of the surface open ocean (Bronk,
PON variability. 2002; Aminot and Kerouel, 2004; Davis and Benner, 2005;
The modeled surface DON concentrations are approxKahler and Koeve, 2001; Wong et al., 2002; Church et al.,
imately 2mmolnT3 lower than those from observations 2002). As Bronk (2002) summarized, the averaged DON
along 140 W and 128 W during September 1992 (Fig. 2). concentration in the surface open ocean is 5.8 mmdlm
However, there is generally good agreement in the verticalwith a standard deviation of 2mmolTA. There are a
meridional distributions between modeled and measuredew studies showing relatively high DON concentrations
DON along 150W during November 1994 though the (e.g., surface DON7 mmolnt3) (Bronk, 2002; Vidal et al.,
model overestimates the surface DON on the equator. Ther&999). In the field, DON concentration is often obtained by
have been only two field studies of DON distribution in the subtracting TIN and PON from total nitrogen (TN) of unfil-
equatorial Pacific which show approximately 2mmoitn  tered water samples (Libby and Wheeler, 1997; Raimbault et
higher surface DON concentration along 1¥8and 140 W al., 1999), or by the difference between TN and TIN in fil-
during September—-November 1992 (Libby and Wheelertered water samples (Aminot and Kerouel, 2004; Davis and

www.biogeosciences.net/5/1705/2008/ Biogeosciences, 5, 17032008
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Fig. 12. Measured (symbols) and modeled (lines) surface PON concentrations aldh@g/2425 W during September 200%a) diel cycle
and(b) meridional distributions. Solid line denotes total PON, dashed line PON without zooplankton.

Benner, 2005; Vidal et al., 1999). Therefore, in some pub- Limited observations show considerable meridional, zonal
lished studies, the in situ DON pool may represent a smalland vertical variations in PON in the central and eastern
portion of other materials such as living matter and smallequatorial Pacific (Libby and Wheeler, 1997; Pena et al.,
detritus. Moreover, different approaches may yield incon-1991, 1992; Raimbault et al., 1999). Our model simula-
sistent results because of the potential biases associated witlons show significant spatial and temporal variations in PON
the estimates of TON, PON, TN and TIN and uncertaintiesin the central and eastern equatorial Pacific. Spatially, the
dealing with sample handling and analyzing. For instancehighest PON concentrations are found along the equator in
Vidal et al. (1999) reported relatively high DON concentra- the surface waters of the eastern equatorial Pacific, which is
tions (5-11 mmol m3) with a subsurface maximum in the similar to the spatial patterns of phytoplankton, zooplank-
central equatorial Atlantic when they included ammonium in ton, primary production, and new production (Wang et al.,
the DON pool. Clearly, more field studies, including devel- 2006a). On average, the mixed layer PON ranges from
opment of improved techniques to measure DON and large~0.5 mmol n2 during the extremely warm ENSO events
scale observations, are needed for further model developto >1 mmol n23 during the cold ENSO phase. To quantify

ment and validation. the temporal variability, we conducted One Way Analyses of
_ o Variance (ANOVA) (Storch and Zwiers, 2003) followed by
4.2 Spatial and temporal variations the Least Significant Difference (LSD) test for both in situ

. n ) o _ PON and modeled PON. Table 1 shows that measured and
The equatorial Pacific experiences significant seasonal to ins, o deled surface PON concentrations follow the same order:
terannual physical forcings. Numerous studies have demo”September 2005January 2008 September 2006. The dif-
strated that ENSO is the dominant mode regulating the Spafgrences in both measured and modeled surface PON are sig-
t!al and temporal variations in physical and biogeochemicalificant (e.g., greater than the LSDs) among the three peri-
fields (Feel)./ et al., 1999; Chavez et al.,, 1999; McPhader,yg ¢ the interannual time scale, high surface PON coin-
et al., 1998; Wang et al., 2006, b). As a result, interan-cjqes with high SOI. For instance, both SOI and surface PON
nual variations exceed seasonal variations in many biogeog,ncentrations are higher during September 2005 than during
chemical parameters, including nutrients, phytoplankton andsentemper 2006. The significant differences in surface PON
zooplankton biomass, primary productivity, new production, penyeen September 2005 and January 2006 reflect seasonal
export production, and sea-air g@xchanges (Wang et al., \ariapility in the eastern equatorial Pacific (e.g., high PON

200643, b). during boreal fall).

Biogeosciences, 5, 1705#21 2008 www.biogeosciences.net/5/1705/2008/



X.J. Wang et al.: DON and PON in the equatorial Pacific 1717

While there are relatively few DON measurements in the zooplankton indicate that biological processes play an impor-
equatorial Pacific, there is evidence of the surface DON varytant role in controlling the distributions of organic nitrogen
ing spatially by less than a factor of two. This modeling study (Hansell and Waterhouse, 1997).
and other regionah situ data (see summary in Bronk, 2002)
suggest even smaller spatial variability. Our modeling study )
also shows much weaker seasonal to interannual variationdPpendix A
in DON relative to PON (Table 1). More interestingly, the ) .
mixed layer DON increases from September 2005 to Januarpiogeochemical equations
2006 while the mixed layer PON decreases. Our modelin
results do not support the hypothesis that the reported diffe
ences in the surface DON concentration between Libby andj p; AP
Wheeler (1997) and Raimbault et al. (1999) result from the 5 ~=Hs Ps—grs (1 —e ) Zs—ms P (A1)
spatial or temporal variability.

?Phytoplankton equations

9P AP,
4.3 Relationships to other parameters S L Pr—ser (1_6 L) 2L (A2)
—gPL2 (1—€_APL) Zs—mp P

Research has indicated that phytoplankton and zooplankton
play a role in affecting DON and PON variations in the eu-
photic zone (Davis and Benner, 2005; Aminot and Kerouel, )
2004; Bronk, 2002). Many studies have shown that phyto-Z00Plankton equations
plankton and zooplankton biomass are affected by physicak Zs AP AP
and biogeochemical conditions such as upwelling intensity, == [/\ (gPs (1—6 S) +gpL2 (1—6 L)) + (A3)
nutrient concentration and nutricline (Wang et al., 2005a, AD- AD
2006a; Le Borgne et al., 1999, 2003), suggesting implica-8Ds (1—e 5) +gpr2 (1_e L) —
tions for the DON and PON variability. —AZs

Here, we examine the relationships of mixed layer DON (rs+3s) ]Zs—gzs (1_6 ) ZL
and PON with the Z20, mixed layer iron concentration, fer-
ricline, phytoplankton and zooplankton in four different re-
gions. Statistical analyses indicate that the mixed layer DONJZL _ [,\ <gPL1 (1_e—APL> Yezs (1_6—1\25)) + (Ad)
has no relationship with Z20 or ferricline in three of four re- 97
gions (Table 2). The positive correlation (0.15) of the mixed g, ; (1_e—ADL) — (rL+51) ]ZL
layer DON and Z20 in the SCP reflect the significance of
upwelling of low-DON deep waters into the surface layer
(Libby and Wheeler, 1997). In contrast, the mixed layer
PON has significant negative correlations with Z20 and ferri-DON equation
cline in three of four regions, indicating that strong upwelling
(e.g., shallow Z20 and ferricline) results in high surface PON 9DON _ (ms Ps+my PL4+(rsZs+r.Zr)x) y+ (AS5)
concentrations. ot

Overall, the mixed layer DON and PON have significant
positive correlations with the mixed layer iron concentra-
tion (except north of the equator), phytoplankton and zoo-
plankton. Interestingly, the relationships with phytoplankton petitus equations
and zooplankton are much stronger for PON than for DON.
While both phytoplankton and zooplankton are key playersdDs
for DON and PON abundance in the euphotic zone (Davis 9¢
and Bgnner, 2005; Aminot_and Kerouel, 2Q04; Bronk, 2002), —gDs (1_6—1\05) Zs— (CDS‘HUDSh_l) Ds
upwelling of deep waters into the euphotic zone has larger
impacts on DON than PON (Table 2). As a result, local DON
accumulations due to phytoplankton release and zooplank-
ton excretion are often offset by removal via physical trans- i)tL =(1-2 [(gps (1 - e*“S) +gpL2 (176”‘“)) Zs] . (A7)
port, leading to low correlations between DON and biomass _ap, Az
of phytoplankton and zooplankton. Nevertheless, the signif-" (sr2a (177 ) gzs (1= e0%0)) Zi Jas Zson 22
icant correlations of DON and PON with phytoplankton and — (an+prh_1) DL—gpL2 (1—e_ADL) Zs—gpr1 (l—e_ADL> ZL

(¢cpsDs+cprDr) {—cponDON

=(ms Ps+mp Pp+(rs Zs+rpZ1) x) (1—-y) (A6)

www.biogeosciences.net/5/1705/2008/ Biogeosciences, 5, 17032008



1718 X.J. Wang et al.: DON and PON in the equatorial Pacific

Nutrient equations ka= kwtke Chitkp(Ds+D1) (AL7)
odNO3 Ns up .
=—us Ps——F——— A8 Carbon to chlorophyll ratio
5 ws Ps A (A8) o phy (m
Nrup Chl= <—S —L> R Al8
p— YT L ONH = + C:N ( )
o “Niur+Aup el ns 1L
Inlp—InI’
INH A Ns=ns0— (NS0 — MIN) — ~e— (A19)
4 g Pg— U (A9) 4.605
ot Ns_up+Aup
ML ot Agp  SES TILAL) AT NL=NL0 — (L0 = MMIN) — "= (A20)
+cpoNDON+ (epsDs+cprDr) (1 — &) —pNHg '
1S0="1S_MAX —kpSLg (A21)
oFe
—; = (us Ps Rs+pir PL R —speD1 Fe) (A10)
NLO=1L_MAX —kpLiLT (A22)
+Rs| (s Zs+r1 Z1) (1= 1) +epon DON+
cpsDs+cprDr (1-¢) ] NO Fe
*— kTTmin( s > A23
He=hsee Ks_n+NO3" KsfretFe (A23)
Other equations c_ kT e < NO3 Fe )
=uLoe min , A24
HL=ZHLO K _n+NO3 K| _retFe (A24)
Phytoplankton growth rate
ns=pusoe' " f (I s (N, Fe) (All)  Nitrogen uptake
NO NH
Ns.up= 3 1— 4 (A25)
kr T Ks no;+NO3 KnNH,+NH24
ur=proe” " f () ¥r (N, Fe (A12)
NO NH.
Nrup = 3 (1 - 4 ) (A26)
K; no3+NO3 Knp, +NHy
Nutrient limitation
NO3z+NH,4 Fe Aupe—NHa (A27)
- H up=
¥s (N, Fe=min (KS,N+N03+NH4’ Ks,Fe+Fe> (AL3) Kty +NHa
oL, Fe)=min<K NO?;\T(;\]H?\]H - Fe - ) (A14) DON remineralization
L_.NtNO3+NHg Kp _petire cpoN=cpoNoe 8T 29 (A28)
Light limitation . o
g Detritus decomposition
—# _ kp(T—26) A29
f(I)=1—e MPhax (A15)  CDS=CDS(e (A29)
cpL=cpLoe' T2 (A30)
Light attenuation
1(z2)= Ipexp k4% (A16)
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Appendix B

Model biological parameters

Parameter Symbol  Unit Value
Maximum growth rate atC S0 dt 0.58
“Lo d-1 1.16
Temp. dependent coefficient for kT oc1 0.06
Half saturation constant for N limitation KsnN mmol n—3 0.2
KL N mmol n—3 0.6
Half saturation constant for iron limitation Ks Fe nmol n—3 14
KL pe  nmolm3 150
Half saturation constant for nitrate uptake Ksnoz mmolm3 0.3
KL no3  mmolm3 0.9
Half saturation constant for ammonium uptakeK 4 mmol m—3 0.05
Phytoplankton mortality rate ms d-1 0.17
m d-? 0.31
Zooplankton excretion rate rs d-1 0.5
" d? 0.4
Zooplankton mortality rate S d-1 0.12
S d? 0.09
Maximum grazing rate 8PS d-1 2.9
gpL1 a-t 1.2
875 d-1 1.7
gpL2 dt 0.9
8Ds d-! 1.0
gpL1 d-1 15
8DL2 dt 1.0
Ivlev coefficient A (mmol N m—3)~1 0.5
Zooplankton assimilation coefficient A % 75
Excretion coefficient X % 55
Dissolution coefficient y % 90
¢ % 90
C:N ratio RCN mol moi—1 6.625
Fe:N ratio Rg umolmol—1 25
RL umolmol~1 50
Initial slope of theP — I curve o gCmgchrth—1(umolEm2s 1)=1 0.02
Maximum carbon specific growth rate Plax h-1 0.036
Minimum C:Chl ratio NS_MIN g9 30
MmN 99 15
Maximum C:Chl ratio ns.MAX 00 200
NL_MAX 99 120
Photoacclimation coefficient kps (g:0)d 95
kpL (9:9)d 70
Light attenuation constant for water kw m-1 0.028
Light attenuation constant for chlorophyll k¢ m~1 (mgchin3)-1 0.058
Light attenuation constant for detritus kp m~1(mmol N m—3)-1 0.008
Sinking velocity wps md-1 1
wpL md-1 35
Remineralization rate at 2€ (0-100 m) CDONO d-1 0.0025
(100-300 m) CDONO d-1 0.0008-0.0025
(>300m) coono  d71 0.0008
Decomposition rate ¢DSO d1 0.01
cDLO d-1 0.01
Temp. dependent coefficient for kp oc-1 0.03
Iron scavenge coefficient s d~1 (nmolFenr3)—1 0.00001
Nitrification rate (when k5 umolEm—2s71) ¢ d-1 0.04
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