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Reconstruction of Seasonal Variation in Nutrient Budget
of a Surface Mixed Layer Using 0°N of Sinking Particle
Collected by a Time-Series Sediment Trap System
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Seasonal variationsin flux of sinking particulate nitrogen (PN), itsisotopic ratios (3°N)
and radiocar bon isotopicratios (54C) of sinking particulate or ganic car bon (POC) were
examined at two different depths using time-series sediment trap systemsin the north-
western North Pacific Ocean from June 1989 to May 1990. The 35N of sinking PN in-
creased from July to October and then dropped down in November at the shallower trap
depth (1335 m), while at deeper trap depth (4785 m) it remained high until next spring.
The high 6N and low &C at the deeper trap during winter could be attributed to the
larger contribution of resuspended sedimentary particlesthere. Thevariationsin 8°N of
sinking particlesat 1335 m wer e consistent with the expected cycle of nutrient budget in
a surface mixed layer controlled by the seasonal variations of physical and biological
processes. Knowledge about therelationship between nitrate concentration and its 5°N
in surfacewater wasapplied for reconstruction of mixed layer processesfrom thesinking
PN S15N. Although there were only limited in-situ data, reasonable temporal variations
onthedepth and nitr ateconcentr ation of amixed layer wer eobtained by thisreconstruction
model. Whilesensitivity testsdemonstrated ther obustnessof thisreconstr uctingprocedure,
it wasalso suggested that thecomplicated particledynamicsin surfacewater column may
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partly distort theresult of the reconstruction during late summer and fall.

1. Introduction

Ontheopenoceanat highlatitudes, continuouschemical
and biological observations on the surface mixed layer by
ship is usually very difficult, especially during the winter
season. Up-to-date progress in remote sensing by satellite,
although very promising, provides only very limited infor-
mation on the chemical and biological properties of sea
surface.

Ontheother hand, theflux and chemical and biological
nature of sinking particlescollected by time-series sediment
trap experiments reflect well the tempora variation of
physical, chemical and biological processesin surface wa-
ter. Previous reports have covered variations in the total
organic carbon flux (Deuser and Ross, 1980; Honjo, 1982),
the composition of planktonic microorganism species
(Deuser and Ross, 1989; Takahashi, 1989), organic molecule
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components(lttekkotetal., 1984a, 1984b; Handaet al ., 1992)
and so on. Briefly stated, sinking particles have a great
potential for clarification of temporal variationsin physical,
chemical and biological processes occurring in the surface
water.

Thepredominant characteristicin the biogeochemistry
of 15N in surface water of high latitude ocean, is large
isotopic fractionation during the assimilation of nitrates by
phytoplankton (Wadaand Hattori, 1976; Wada, 1980; Wada
et al., 1987). Consequently, there is a good correlation
between the decrease in ambient nitrate concentration and
theincreasein °N of suspended PN during spring bloom,
which reflectsthe increase in 15N in the nitrate pool dueto
the preferential uptake of 1*NO3~ by phytoplankton (Saino
and Hattori, 1985; Goering et al., 1990; Altabet et al., 1991;
Nakatsuka et al., 1992).

Thiscorrelation betweenthe 3°N of suspended PN and
ambient nutrient condition in the surface mixed layer is
thought applicable to sinking PN collected by time-series
sediment trap in the deep water, as has been shown by
Altabet et al. (1991). In the present study, we report the
seasonal variationin 85N of sinking PN collected by time-
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series sediment trap experiment in the northwestern North
Pacific Ocean, in order to understand to what degree the
N of sinking PN can actually reflect the seasonal varia-
tions in the nutrient condition of the surface mixed layer.
And further, we make an model to reconstruct the seasonal
changes in the nutrient budget and the depth of the surface
mixed layer quantitatively from &°N of sinking PN. Inthis
study, we consider radioactive carbon i sotopic ratios (6C)
of sinking POC too, in order to judge the origin of sinking
particul ate organic matter (POM) at each of thetrap depths,
before applying thesinking PN 35N datafor reconstruction
of the mixed layer depth and nutrient concentration of
surface water.

2. Material and Method

2.1 Sediment trap samples

Sediment trap sampleswereobtai ned at station NNWP-
02 (44°00', 154°59'; Fig. 1) on the cruise of the Hokusei-
Maru, Hokkaido University, Japan. The sediment trap ex-
periment was conducted from June 30, 1989 to May 21,
1990 using two time series sediment traps (Mark V1) set at
two different depths (1335 m, 4785 m; Water depth there:
5305 m). Each collecting cup of the sediment trap was
automatically exchanged with the next one every 25 daysso
that integrated fluxes over this period could be collected.
Thirteen time series trap samples were obtained at each
depth. The collecting cups of sediment trap werefilled with
5% (volume %) solutions of formaldehyde in sea water
which were neutralized by sodium borate before settling to
preventinsitu bacterial degradation of samples. All samples
were stored in arefrigerator until analysis. Unfortunately,
no sinking particle sample could be collected after January,
1990 (Cup No. 8) at depth of 1335 m. Neverthel ess, because

NNWP - 02

160° E

Fig. 1. Thelocation of the sediment trap experiment (NNWP-02:
44°00' N, 154°59' E; Water depth is5305 m; Trap depths are
1335 mand 4785 m). Contour linesin ocean are drawn at 2000
m intervals of the water depth.
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the micro-computer of the sediment trap controlling system
memorized the fact that the collecting cupswere exchanged
exactly at pre-determined times there, the samples of Cup
Nos. 1-7 can be considered to be collected exactly in the
corresponding periods at 1335 m, also.

2.2 Chemical analysis

A portion of each sediment trap samplewasacidifiedin
1N HCI solution for a half day to remove carbonate mate-
rials, and washed with enough distilled water to remove
salts. Carbonate-free samples were vacuum dried and their
aliquots were analyzed for POC and PN by CHN analyzer
(Yanaco MS-1). The residues were analyzed for stable
isotope ratios of carbon and nitrogen by the combustion
method described in Minagawa et al. (1984). The compo-
sitionsof 13C and 15N of the purified CO, and N, gaseswere
determined by mass spectrometers (Finnigan Mat-251 and
Hitachi RMU-6R). The residues of CO, gases were further
converted into graphite carbon pellets by Fe-H> reduction
method (Kitagawa et al., 1993) and analyzed for their 14C/
13C ratios using a tandem accel erator mass spectrometer at
Nagoya University (Nakamura et al., 1987). The 14C/12C
ratios were then calculated using the predetermined 13C
compositions.

The stable and radioactive isotopic ratios of nitrogen
and carbon were calculated in terms of X as follows.

X = (Reanpie/Reta — 1) x 10° (%o),

whereX (and R) are15N (and °N/1*N) and 14C (and 14C/12C),
and the standards for 5°N and &4C are N, in atmosphere
and*“treecarbonin 1950”, whose &3C val ueis—25%o (Stuiver
and Polach, 1977), respectively. The standard deviation of
O°N measurement was less than 0.2%.. Usually, the 3C
valuesarefurther converted to A*C values, considering the
isotope fractionation effect (Stuiver and Polach, 1977).
However, in the present study, we use the 3“C values di-
rectly, in order to discuss the mixing of POC originating
from different 14C/12C end-members, rather than discussing
the 14C ages. Nevertheless, in this case, “C values are al-
most the same as AC, because the 5*3C values of sinking
POC measured were near —25%o.

3. Results and Discussion

3.1 Temporal and vertical variation of sinking PN in the
northwestern North Pacific

The seasonal change in primary production is princi-
pally regulated by light at high latitudes during winter
months and by nutrients during summer months, while at
mid and low latitudes nutrients limit production throughout
the year. The station NNWP-02 in this study (Fig. 1) is
located in the western region of the Subarctic Pacific where
intense convective mixing in winter loadsthe surface water
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Fig. 2. Seasonal variationsinthesinking fluxesof PN (a) and their
SN values (b). Closed and shaded bars represent the fluxes
at 1335 m and 4785 m, respectively (a). Closed and open
circles represent the 8'°N of sinking PN at 1335 m and 4785
m, respectively (b).

with nutrients with about 20 uM of nitrate (Wada, 1980).
Therefore a large spring bloom and sometimes an autumn
bloom (Parsonset al ., 1984) can occur by theincreased light
intensity in spring and by the recovery of nutrientsinto the
surfacemixedlayerinfall, respectively. Becausetheseasonal
variationsin sinking particle fluxes occur in responseto the
seasonal cycle in primary production (Deuser and Ross,
1980; Honjo, 1982; Deuser et al., 1990), such apredominant
seasonal cycleof primary productioninthisregionisexpected
to be observed not only in the surface biomassbut alsoin a
sinking particle flux in deep water.

Actually, large variations in sinking PN flux were
observed at both depths (1335, 4785 m) of station NNWP-
02 (Fig. 2d). There are three types of maximain PN fluxes
(Fig. 2a): Two large maximum (summer in 1989 and spring
in1990), and onesmall (largeat 1335 m) maximum (latefall
in 1989). These characteristic temporal variations are con-
sistent with an annual variation of primary productioninthe
corresponding upper water column. The former (two
maximum in PN flux) must be a response to the spring
bloominthisregionandthelatter may possibly beattributed
to the bloom in fall.

Inadditiontothetemporal variation pattern, theamount
of sinking PN flux itself issimilar with bothtraps. Asshown
inthe 85N values (Fig. 2b), the composition of sinking PN
isthought to be different between the two depths so that this
similarity between the PN flux of both depthsisincidental.
It seemed that a large portion of sinking PN must be
decomposed and additional PN may instead be entrained
within the deep water column between 1335 m and 4785 m.
Especialy in the continental shelf and slope region, the

sinkingflux tendstoincreasewithdepth (Biscayeetal., 1988).
Theoriginof thisincreased flux isthought to bethedownsl ope
resuspension of particlesfromsediment (Walshetal., 1991).
However, the station NNWP-02 in this study is located on
the abysmal plain of the North Pacific and beyond the K uril
trench offshore. Wherethe additional particlescomefromis
of interest for further study.

3.2 Temporal and vertical variation in 3*°N of sinking PN

The 815N values of sinking PN at 4785 m are consis-
tently 1%. or morelower thanthoseat 1335m (Fig. 2b). This
downward decrease in 35N of sinking particle has already
been reported by previous studies (Altabet et al., 1991) and
the reason is still not clear now. The 3'°N values of total
protein within cultured microorganism cells are reported to
be about 3%. higher than those of wholecells(Macko et al.,
1987). Therefore, this difference between the two depths
may be attributed to the preferential degradation of amino
acidsamongtotal nitrogenouscompoundsduring thesettling
processof sinking particles. Thisfinding of decreasein 5°N
of sinking particlesispotentially very important for particle
dynamicsin thedeep water column, and will bediscussedin
detail in another paper (Nakatsuka et al., 1997).

Although there are differences between 5°N values of
sinking PN at thetwo depths, thetemporal variationsin 5'°N
seem nearly parallel between the two trap depths, at least
until October, suggesting the constancy of the isotope
fractionation during the settling process of sinking particles.
The increases in those from summer to fall at both depths
(Fig. 2b) can beinterpreted by the changein surface nutrient
budget. Asshownin apreviousstudy (Altabet et al., 1991),
the N of suspended PN in surfacewater, whichisisolated
from subsurfacewater by seasonal thermocline, isprimarily
correlated with the proportion of biological utilization of
initial nitrate, which hasbeeninjected by convectivemixing
inwinter into surfacewater. During the spring and summer,
the O1°N of PN increases together with the decrease of
nitrate according to preferential uptake of “NO3~ by phy-
toplankton and consequent increasein proportion of 1°NO3z~
in the remaining pool of nitrate. This trend must continue
until thedepletion of nitrate. Theincrease of 3N of sinking
PN at each depth from summer tofall (Fig. 2b) must indicate
that such aprocess controlled by nitrate utilization occurred
in the corresponding surface water.

Onthe other hand, the N of sinking PN decreasedin
late fall at 1335 m (Fig. 2b). The same phenomenon was
explained by Altabet and Deuser (1985) as due to the
convective mixing of upper water column which introduces
lower &°N-nitrateinto euphotic zone. Alsointhisstudy, the
decrease of 3'°N at 1335 m from October to December can
be explained by the addition of new nitrate, which hasalow
O°N value, from the layer below the thermocline.

However, the decrease of 5°N at 4785 m did not start
until January and did not return to thelevel of last July until
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Fig. 3. Seasonal variation of the sea surface temperature at 44°N

155°E (the almost same location as the trap site). Data are

derivedfrom*“ Fast Report of Ocean” (Maritime Safety Agency,

Japan).

thefollowing April. At thetimewhenthe 315N of sinking PN
at 4785 m arrived at maximum, the sea surface temperature
wasnearly tobecomethelowestintheyear (Fig. 3) and there
must have been a high concentration of newly introduced
nitrate which has a low 0N value in surface water. In
conditions of a high concentration of nitrate, low tempera-
ture and low light, the resulting large isotope fractionation
must produce PN of very low &°N value (Wadaand Hattori,
1978).

The following two alternatives can explain this phe-
nomenon. Firstly, the sinking particlesin winter at 4785 m
may not come from surface water at that time, but mainly
consist of particles originating from late summer surface
water, where PN of high °N was produced, because of the
possible low sinking rate of particles and the very long
distance from surfaceto 4785 m depth. Secondly, some part
of sinking particle at 4785 m may comprisetheresuspended
particles from sediment as found in the continental shelf
area (Biscaye et al., 1988; Anderson et al., 1994). The av-
erage value of M°N of sedimentary PN isaround 6to 8%oin
the northern North Pacific area (Nakatsuka et al., 1995; T.
Nakatsuka, unpublished data) which is significantly higher
than those of sinking particlesin the deep water column as
showninthisstudy, probably duetoearly diageneticalteration
of 35N on the sediment surface (Altabet and Francois,
1994). Thiseffect of resuspended sedimentary particlesmay
also explain therelatively high 35N value of sinking PN at
4785 m in the winter.

3.3 Origin of sinking particlesinferred from 34C

Both explanations for the winter high 3°N values at
4785 m suggest that the properties of sinking particles at
greater depth cannot be applied to reconstruct the temporal
variationsof surfacemixedlayer. Inorder tousethe 5°N data
at 1335m, however, itisalso necessary to judgewhether the
latter mechanism affectsthe sinking particles at the 1335 m
or not. For this purpose, the 3“C of sinking POC were
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Fig. 4. Seasona variations in the 84C values of sinking POC.
Closed and open circles represent the 3C of sinking POC at
1335 m and 4785 m, respectively, with their measurement
error bars (+10). The shaded region indicates the expected
range of plankton &“C at the corresponding surface water,
which is determined on the basis of the 5'*C measurement of
POC in surface mixed layer in late summer at asimilar areato
thisstudy (—44 + 13%o0; Nakatsuka, unpublished data, seetext)
and the reported seasonal variation of A*C of XCO_ in high
latitudinal surface water between summer and winter (about
35%o, Broecker and Peng, 1980). The &C of Cup No. 2 at
4785 m was not determined.

measured at each trap. Because the surface sediments have
much lower “C valuesthan the plankton of surface water,
the 814C of sinking POC clearly indi catesthe contribution of
resuspended particlesinto thetraps (Anderson et al., 1994).

The seasonal variations in &4C of sinking POC are
showninFig. 4. The 3"*C values at 4785 m are consistently
lower than those at 1335 m, indicating that the contribution
of resuspended sedimentary particlesis always higher at a
deeper trap. Moreover, at 4785 m, the 314C of sinking POC
showed very low values during winter. This suggests that
the main reason of high 35N values in this season is the
higher contribution of the resuspended sedimentary par-
ticles, whose 315N values are higher than those of sinking
particles (Altabet and Francois, 1994).

The 6“C values at 1335 m are also very low compared
to those of suspended POC in surface water observed in
temperate oceans, usually more than 100%. dueto the effect
of bomb-produced C (Druffel et al., 1992). However, in
the Subarctic Pacific Ocean, very low AC values of ZCO;
below 0%. have sometimes been reported in surface mixed
layer (Ostlund et al., 1987), and actually at the similar area
to the present study, the low 0*C value of —44 + 13%o (T.
Nakatsuka, unpublished data) wasobserved for thesuspended
POC collected at 50 mdepthinlate summer season (46°42.9'
N, 162°22.4' E; Aug. 11, 1985). Considering the seasonal
variation in AC of CO; in surface mixed layer (about
35%0 decrease from fall to spring; Broecker and Peng,
1980), we can concludethat the 54C val ues of sinking POC
at 1335 m must be coveredin the expected range of seasonal
variation in 3“C of suspended POC in the surface mixed
layer (the shaded areain Fig. 4). Thisindicatesthat thereis
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Fig. 5. Theschemaof asimplemodel onthenitrateanditsisotopic
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the mixed layer depth.

very little contribution from the resuspended sedimentary
particlesinto sinking particles at the 1335 m trap.

3.4 Model of temporal variations in nitrate concentration
and its isotope ratio in surface mixed layer

If thetemporal changeof 31°N insinking PN at 1335m
isregulated by the nitrate budget in the surface mixed layer,
what processes actually control the nitrate budget and its
N valuesinthesurfacemixed layer?Initially, wepropose
the very simple mixed layer model described in Fig. 5,
which is almost the same as the model proposed by Peng et
al. (1987). The assumptions are as follows. 1) The nutrient
concentration is homogeneous in the mixed layer. The
mixed layer represents the surface water layer above the
pycnocline, whichiswell-mixed by regional wind stress. 2)
Supply of nitrateinto the mixed layer occurs only when the
depth of the mixed layer increases. The diffusion process
and the nitrification from regenerated ammonium to nitrate
in the mixed layer are both neglected. Based on these
assumptions, the following equations can be introduced as
equations of conservation of nitrate and itsisotope ratio in
the mixed layer.

d(N[L)/dt=—-P+(dL/dt)IN", D)
d(o™NINDL)/ ot
= —PL{5"N - £) +(dL / dt) BN IN" (2)

where N and d'°N are the concentration of nitrate (mg at.N/
m3) in the mixed layer and its isotope ratio, respectively. P
(mg at.N/m?Z/day) and & (%o) are the primary production of

nitrogen which originates from nitrate (new production) in
the mixed layer and the magnitude of isotope fractionation
during uptake of nitrate by phytoplankton. L(m) isthe depth
of themixed layer. When dL/dt < 0, N* and &°N* are equal
toN and 0'°N. But, whendL/dt >0, N* and 3*N* areNdand
O°Nd (the concentration and isotope ratio of nitrate in the
layer below the mixed layer), respectively.

3.5 Reconstruction of surface mixed layer processes from
ON of sinking PN

Ingeneral, thesurfacemixed layer issustained by wind
stress-induced turbulent mixing (Klein and Coste, 1984).
However, in summer when solar radiation flux is high, the
turbulent kinetic energy could not reach to a deeper layer
due to the large buoyancy of surface water and the mixed
layer isrestricted to shallower depth. On the other hand, in
winter the cooling of sea surface makes the surface water
density high and induces free convective mixing to deepen
the mixed layer (Gill and Turner, 1976). In the northern
North Pacific area, however, there is a strong subsurface
halocline (about 100 to 200 m depth) and it prevents the
winter convective mixing from deepening below it (Uda,
1963).

These seasonal variabilities of surface mixed layer
depth are the most important processes, which govern the
productivity of surface water via nutrient supply and light
adjustment for photosynthesis (Y entsch, 1990; Mann and
Laizer, 1991). Therefore, the surface mixed layer depth
should be the main target for the reconstruction in present
study. For this purpose, Egs. (1) and (2) will bere-arranged.
Inorder toapply theequations (1) and (2) tothediscretetime
seriesdatasetson PN flux and *>N val uesobtained fromthe
sediment trap experiment, the differential equations (1) and
(2) arefirst convertedintothefollowing differenceequations
(3) and (4), respectively.

N(n+1)L(n+1)
=N(n)L(n) - (P(n+12) + P(n)) / 2 (At
+(L(n+1) - L(n)) N, (3)

SPN(n+1)IN(n+1) (L (n+1)
= 6"°N(n) IN(n) (L (n) = (P(n +1) + P(n)) / 2 At

{(5N(n+1)+ 3°N(n)) /2 - 4

+(L(n+1) - L(n))B™N"IN", (4)

where n is the number of the time step and At is the period
of onetime step interval. (P(n + 1) + P(n))/2 and (5°N(n +
1) + 0*N(n))/2 represent the averaged P and &N values
during thetime step interval, respectively. WhenL(n + 1) <
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L(n), N* and o**N* areequal to N(n) and 5°N(n). But when
L(n+ 1) > L(n), N* and &°N* are Nd and &°Nd (the con-
centration and isotoperatio of nitratein the layer below the
mixed layer), respectively.

By substituting Eq. (3) intotheleft-sideterm of Eq. (4),
we can obtain the following relation on the L(n + 1), after
some re-arrangement of equation.

L(n+1)
=L(n) +[(P(n+1) +P(n))/ 2 At

fie +(6°N(n+1) - 5°N(n)) / 3
~(8°N(n+1) - 5°N(n)) IN(n) EIL(n)]
H{(8"N(n+1) - 8N7) ). (5)

Then, substitutingL(n+ 1) inEq. (5) into Eq. (3), therelation
on N(n + 1) can be introduced also.

N(n+1)
={N(n) L (n) - (P(n+1) + P(n))/ 2 At
+L(n+1)- L(n))EIND}/L(n+1). (6)

Using Egs. (5) and (6), we can calculate the temporal
changesin L and N explicitly from the data sets of temporal
variations in P(n) and 3°N(n), which could be possibly
estimated from the data sets obtained in the sediment trap
experiment. When we apply the equations (5) and (6), we
first judge whether L(n + 1) is >L(n) or not, in order to
determinethevaluesof N* and 3"*N* . Thistask canbecarried
out according to following criteria. Firstly, when &°N(n +
1) isless than (or equal to) °N(n), L(n + 1) is obviously
>L (n). Thisisbecausethereisno other mechanism than the
entrainment of lower 35N nitrate from the deeper layer
which can make the 3'°N lower (or keep the 3°N constant
under the condition where P is not 0) in the surface mixed
layer in this model. Secondly, if 3'N(n + 1) is higher than
MN(n), itisjudged based onthefoll owing equation derived
from Eq. (5).

L(n+1)-L(n)
=[(P(n+1) + P(n)) / 20
[{]£+(615N(n+1 - 5"N(n /2}
_(515N(n+1) 5N(n )) (n)(n )]

/{(515N(n+1)—515ND IZINE}. (7)
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Inthisequation, thedenominator of theright-sideterm,
(315N(n + 1) — O°N*)-N*, is always >0, irrespective of the
result, whether L(n + 1) is> L(n) or not. Thisis because if
L(n+ 1) < (or =) L(n), 8'5N* is equal to d**N(n) which is
lower than 5°N(n + 1) from the assumption of thiscase, and
if L(n+1) >L(n), 31°N* isequal to 5°Nd whichisthe 5°N
of the deeper water nitrate and always lower than the 5°N
of the nitrate in surface mixed layer. Therefore whether
L(n+ 1) ismorethan L(n), or not, is judged only from the
numerator of the right-side term of Eq. (7), which can be
caculated without N* or *N*.

Inorder to calculatethetemporal changesinthesurface
mixed layer depth (L) and itsnitrate concentration (N) using
Egs. (5) and (6), we need the following two kinds of data set
in the surface mixed layer. Oneisthetemporal variationin
new productionrateof particulatenitrogen, P(n), andtheother
isthat in 8N of nitrate in the surface mixed layer, 3°N(n).
Because the temporal variationsin the sinking PN flux and
its 0N valueat 1335 m seem to correspond well to those of
P and 8N in the surface mixed layer as discussed above, it
seems reasonable to estimate this information of surface
water from sinking particle data. In the present study, the
following two equations areintroduced to estimate the P(n)
and 0*N(n) from sinking particles at 1335 m.

P(n) = kPN ,335,(n), (8)
3'°N(n) = "Nyg35, (n) +¢ (9)

where PN133sm(n) and 3°Nis3sm(n) are “n”th data of the
sinking PN flux at 1335 m and its &'°N value at that time,
respectively. “K” in Eq. (8) isaproportional coefficient, and
“c” in Eq. (9) isan unknown constant which consists of sum
of the two kinds of isotope fractionations during the nitrate
uptake by phytoplankton and the degradation of sinking
particlesfromsurfacewater to 1335m. Equations(8) and (9)
assume the constancies of the degradation rate and isotope
fractionation of sinking PN during the settling processfrom
the surface mixed layer to 1335 m, and also require that the
standing stocks of suspended PN and ammonium in the
surface mixed layer be much smaller than nitrate, and newly
produced PN from nitrate is immediately removed from
surfacewater intheformof sinking PN (Altabet and Francois,
1994).

Using Egs. (5), (6), (8) and (9), thetemporal changesin
the surface mixed layer depth (L) and nitrate concentration
(N) can be calculated explicitly from the time-series data of
PN1335m(n) and o°N1335m(n) shown in Fig. 2. Before ap-
plying the data from sinking particle at 1335 m for the
equations, however, we must determine some parameter
valuesand initial and boundary conditions about the mixed
layer asfollows.



[1] The magnitude of isotope fractionation during
uptake of nitrate by phytoplankton (€). Although laboratory
studies revealed the large variability of £ depending on the
growth conditions of phytoplankton (Wada and Hattori,
1978; Montoya and McCarthy, 1995), field studies have
usually obtained similar values of &, 5 to 9%. (Saino and
Hattori, 1985; Goering et al., 1990; Altabet et al., 1991;
Nakatsukaet al., 1992), suggesting thatinnatural conditions
the e values do not change so much. In the present study we
use 5.6%o, asafixed valuefor &, which has been determined
by Wada (1980) at the northwestern north Pacific area near
NNWP-02 site.

[2] The degradation rate of sinking PN flux from
surface mixed layer to 1335 m (k). Weuse 40 asthe k value,
which has been inferred from reported profiles of the ver-
tical flux of sinking POM (Martin et al., 1987, etc.).

[3] The initial nitrate concentration (N) in surface
mixed layer at the beginning of trap experiment of NNWP-
02. Unfortunately, we have no data about the nitrate con-
centration at thetime of the depl oyment of the sediment trap.
Therefore, in the present study, we try to estimate that
concentration based on the following procedure.
Kamykowski and Zentara (1986) compiled a world-wide
dataset of thetemperature and nutrients, and concluded that
the nutrient concentration in the surface mixed layer can be
well predicted from temperature and/or sigma-t. Similarly,
we can find a good correlation between SST and surface
water nitrate below 15°C, inthe northwestern North Pacific
Ocean, around the NNWP-02 site, as shown in Fig. 6.
Therefore, it seems reasonable to estimate the initial N at
NNWP-02, using following equation derived from Fig. 6.

[NO3]_ (uM)=29.1-183(SST] (°C). (20)

Considering the time lag between the surface mixed layer
and 1335 m with a sinking rate of about 50 m/day (Banse,
1990; Deuser et al., 1990), an SST of 25 days prior to the
central day of thefirst sampling in the trap experiment was
used for the estimate, and thevalue of 13.4 uM wasobtained
astheinitial N value.

[4] Thenitrateconcentration (Nd) andits 5°N (*°Nd)
of deep water below the mixed layer. Because we have no
subsurface data at the NNWP-02 site, Nd and d'°Nd are
assumed to be 20 uM, based on areported vertical profile of
nitrate near the NNWP-02 site (Wada, 1980), and 4.0%o,
respectively. This °Nd includes an additional unknown
constant besides areal 35N of nitrate as shown in Eq. (9).
Theinfluences of these somewhat arbitrary determinations
of deep water conditions will be checked later (Figs. 8 and
9).

[5] The initial mixed layer depth (L). Because we
have no information on L above the NNWP-02 site just
before the beginning of this experiment, theinitial L value

30
25
20 -
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10

Surface Nitrate (uM)

2 4 6 8 10 12 14 16 18 20

SST (°C)

Fig. 6. Relationship between sea surface temperature and surface
water nitrate concentration in northwestern North Pacific
Ocean, north of 40°N and west of 180°E. Closed circles are
data compiled from “Preliminary Reports of The Hakuho-
Maru Cruises (KH-71-3, 74-2, 78-3, 83-3, 86-3, 85-2 and 88-
3)" (Ocean Research Institute, University of Tokyo, Japan).
Solid line is a regression line of data below 16°C ([NO37]
(uM) =29.1-1.93-[SST] (°C); r =0.91, Standard error = £3.1).

isset as40 monthe basisof theinter-annual averaged value
of thesurfacemixed layer depthin Juneinthisarea(Bathen,
1972).

3.6 Results of reconstruction

The reconstructed temporal variations of the surface
mixed layer depth and nitrate concentration are presentedin
Fig. 7, together with SST and PN flux data. Thetimeinterval
(At) for theintegration of Egs. (5) and (6) was 25 dayswhich
is determined from the sampling interval of the sediment
trap experiment.

Several characteristics can be found in Fig. 7. The
mixed layer depth is shallowest in early summer, gradually
deepens during fall and then becomes rapidly deeper at the
end of fall. Considering thetimelag fromthesurfaceto 1335
m, the minimum of the mixed layer depth occursin July, or
before July if theinitial L is actually shallower than 20 m
(Fig. 8-f). Thisis not the time of the highest sea surface
temperatureat NNWP-02 (Fig. 3) but thetime of the highest
solar radiation flux. This pattern in temporal variation cor-
responds very well to the theoretically predicted one using
akinetic and potential energy balance model conducted by
seasonal solar heating and constant wind stress in mid and
high latitudinal oceans (Gill and Turner, 1976). And actu-
ally in Subarctic Pacific Ocean, the regular seasonal varia-
tion in the surface mixed layer depth shows a very similar
pattern to that in Fig. 7 (Takahashi, 1989).
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Therelatively rapid decreasein nitrateconcentrationin
early summerisduetoalargeprimary production associated
with spring bloom, but it does not keep on decreasing much
more after mid summer because of the gradual deepening of
the mixed layer and relatively low new production rate
during late summer and early fall (Fig. 7). At the end of fall
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the concentration of nitrateincreases and causesthe autumn
bloom as suggested in the sinking PN flux (Fig. 7). Those
results are also consistent with the observed changesin the
nitrate concentration of the surface water column at Station
PinthenortheasternNorth PacificOcean (Miller etal., 1991).

The reconstructed temporal variations in the surface

Fig. 7. A result of reconstruction of temporal variationsin the surface mixed layer depth (ML D) and nitrate concentration in the mixed
layer (ML) from the data of sinking PN flux and its 3°N value at 1335 m shown in Fig. 2. SST curvein thisfigureisthe same as
that in Fig. 3. Seein text for the parameter values and initial conditions for this reconstruction.
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Fig. 8. Results of sensitivity tests for the reconstruction of temporal variations in the surface mixed layer depth. Each figure is
corresponding to the sensitivity test for the data of sinking PN flux and 6'°N themselves (see text) (a), the magnitude of isotope
fractionation during nitrate uptake by phytoplankton (b), the degradation rate of sinking PN during settling process from surface
mixed layer to 1335 m (c), the deep water nitrate 5'°N (This contains additional unknown constant besides the 51°N of deep water
nitrate itself. See Eq. (9) in text.) (d), the deep water nitrate concentration (e) and the initial depth of the surface mixed layer (f),

respectively.
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mixed layer depth and nitrate concentration (Fig. 7) thus
seem to simulate well the general features of surface water
processes in the Subarctic Pacific region. However, as we
have pre-determined the parameter values and deep water
conditionsfor thecalcul ation of Fig. 7 somewhat arbitrarily,
it is necessary to test the sensitivities of the results to those
parameters and boundary conditions.

Thereconstructed surfacemixedlayer depthand nitrate
concentration with different parameter values, boundary
and initial conditions are shown in Figs. 8 and 9. In most
cases, the amost same pattern in temporal variationsasin
Fig. 7 were obtained under different parameters and deep
water conditions. In the case of nitrate concentration, the
temporal variationsdo not change at all among the different
k values, the degradation rate of sinking PN (Fig. 9¢). These
facts suggest that, at least on the qualitative viewpoints, the
results of reconstruction are not affected much by param-
eters and boundary conditions, while the quantitative as-
pects were largely affected, for example the mixed layer
depth in late fall.

Figures 8a and 9a show the sensitivity tests for the
“data’ of sinking particles themselves, using the extreme
assumption of “constant 5°N (always5.0%o at 1335m)” and
“constant sinking PN (always0.75mgN/m?/day at 1335m)”.
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Althoughthechangesin &°N datadistort theoriginal results
completely, the results did not have a large sensitivity to
sinking PN flux itself. This suggests that the reconstructed
temporal patterns are completely dependent on the quality
of 85N data. In general, the 3*°N values of sinking PN can
be measured correctly, irrespective of the efficiency of the
sediment trap at coll ecting the sinking particlefluxes, which
are sometimes affected by uncertainties like the shape of
sediment trapsand/or deepwater currents, etc. Consequently,
Figs. 8a and 9a demonstrate the robustness of this recon-
structing procedure.

3.7 Comparison between the reconstructed surface nitrate
concentration and the SST record

Inorder toclarify thevalidity of themodel presentedin
this study, it is necessary to compare the reconstructed
resultswithin-situ continuousobservationsof surfacemixed
layer. However, itisvery difficult to obtain such acontinuous
dataset in the open ocean likethe NNWP-02 site, except for
SST dataasshowninFig. 3. Therefore, inthe present study,
the SST-derived nitrate concentrations, as discussed for the
initial condition of calculation, areused for validation of the
reconstructed results. Figure 10 shows the relationship be-
tween the reconstructed variation in surface nitrate from
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Fig. 9. Resultsof sensitivity testsfor the reconstruction of temporal variationsin the nitrate concentration of surface mixed layer. Each
figureis corresponding to the sensitivity test as same as shown in Fig. 8.
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Fig. 10. Relation between the SST-derived surface nitrate con-
centration and the nitrate concentration reconstructed from
SN values of sinking PN, during the experiment period. The
SST-derived nitrate was calculated using Eq. (10) and SST
data (44°N, 155°E; Fig. 3) of “25 days before”, considering
time lag in sinking process. Closed and open circles corre-
spond to the results from Figs. 7 and 9-b (€ = 3.6%o), respec-
tively.

O°N of sinking PN and the SST-derived nitrate estimated
using Eqg. (10). The SST data of “25 days before” were used
for calculation as discussed earlier.

The d°N-derived nitrate concentration in the case of
Fig. 7 isalwayshigher than the SST-derived one. When the
3.6%o is used for the parameter value, € (magnitude of iso-
tope fractionation during uptake of nitrate by phytoplank-
ton), instead of 5.6%o, thecorrelationissomewhat improved
(Fig. 10). While this suggests the possihility of low & value
in this area, as found in the Arctic region of the North
Atlantic(Vossetal., 1996), thedeviationfromanequivalent
line during September and October (see also Figs. 7 and 9)
still cannot be explained. Because the SST-derived nitrate
sometimes reaches 0 uM in contrast to the high concentra-
tionin M°N-derived nitratewhichisalwaysabove8 M, they
cannot be coincided by changesin the hypothesized length
of timelag (25 days).

There are several possibilities that explain this dis-
crepancy. Thefirst possibility isthedifference between SST
and the mixed layer temperature. Specificaly, the mixed
layer temperature must be equal to SST from the viewpoint
of the definition of “surface mixed layer”. However, SST is
measured at the top of the water body, and is much affected
by diurnal variation of solar radiation flux (Mann and
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Lazier, 1991). Therefore, the SST may be sometimes higher
than the mean mixed layer temperature during summer, and
thus the SST-derived nitrate may also be under-estimated
compared to the true nitrate concentration because Eg. (10)
assumes a hegative linear correlation between SST and
nitrate concentration in surface water.

Secondly, the uptake of nitrate by phytoplankton may
occur below the mixed layer in late summer. It isdueto the
exhausted nutrient condition in the surface mixed layer as
suggested by SST-derived nitrate. The model, presented for
high latitudinal ocean asNNWP-02 in thisstudy, implicitly
assumes that nitrate can be assimilated by phytoplankton
only in the surface mixed layer. Therefore if the nitrate
uptake occurs mainly at the layer below the surface mixed
layer, where the nitrate concentration is probably much
higher than that in surface mixed layer during late summer,
the 8'5N-derived nitrate is over-estimated for nitrate in the
surface mixed layer in that season.

Thirdly, the assumption of parallel changes between
the 8N of surfacenitrateand sinking PN may not bealways
justified. Because the temporal pattern of 3°N of sinking
PN are set to be equal to that of surface water nitratein this
model, Eq. (9), it rules completely the reconstructed results
of nitrate variation as shown in Fig. 9a. Therefore, if this
hypothesis of parallel changesin 3N is not acceptablein
some cases, other mechanisms must be proposed as alterna-
tives for such cases. One possibility isthelonger residence
time of assimilated nitrate in the surface mixed layer before
sinkingoutintodeepwater (Sainoetal., 1983). Inthepresent
model, the residence time is assumed to be nearly zero,
similar tothatinthemodel presented by Altabet and Francois
(1994). However, if thisisavery long period such as more
than one or two months, the temporal increase in 35N of
suspended PN in the surface mixed layer, thus also in 81°N
of sinking PN, must be delayed compared to theincreasein
SN of nitrate in the surface mixed layer during summer,
becausethe“old” and “low-3N" nitrogen, which hasbeen
produced inthe spring and early summer seasonsusing low-
SN nitrate, must remain in the suspended PN pool in the
surface mixed layer eveninlate summer. Thistendency has
been seeninVosset al. (1996). The apparent depression of
the increasing rate of 5N in sinking PN may cause the
under-estimate of biological nitrate uptake rate in surface
water, and thusthe over-estimate of the 5'°N-derived nitrate
concentration.

4. Conclusion

The flux and 0N value of sinking PN showed pre-
dominant temporal variationsat theNNWP-02site. Although
the 81C of sinking POC indicated the larger contribution of
resuspended sedimentary particles during thewinter part of
the deeper trap, it was also demonstrated that the 315N of
sinking PN at the shallower trap is primarily controlled by
the seasonal variations in physical supply and biological



utilization processes of nitrate in the surface mixed layer.
This can be explained well by amodel of the surface mixed
layer, based on certain assumptions about the mass and
isotopebal ancesof nitrateand the closeconnectionsbetween
newly produced PN and sinking PN. Thetemporal variations
in the depth of surface mixed layer and the nitrate concen-
trationinit could be appropriately reconstructed by acalcu-
lation using this model.

Some problemsremain, however, especially whendata
on temporal variations in sinking particles are used for
guantitative estimation of the surface mixed layer process.
We must further investigate the particle dynamics which
transform the newly produced PN into sinking PN in an
upper water column.

For reconstruction of thesurfacemixed|ayer processes,
much other information in the sinking particle can also be
utilized in addition to o'°N of PN; for example, the com-
position of micro-organism species, their isotoperatios, and
AC values of POC as measured in the present study. By
synthesizing those data into a certain model of a surface
mixed layer as shown in the present study, the physical,
chemical and biological processes and their coupling inthe
upper water column will be illustrated in a comprehensive
way. That will be a new subject of the study of the ocean,
“Trap Oceanography”.
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