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1A. Summary “

The major accomplishments of this ONR research are reported
in @& series of five publications on “chemical fronts® associated

with upwelling systems, including "cyclonic upwelling systems® p;
and ‘*jets" which originate in the coastal zone off Pt. Sur ﬁq
California. Enclosed is a reprint of the final paper >Chemical bb
flux, mixed laver entrainment and phyioplenkion blooms at 2
. upwelling fronts 4in the California coastal zone" (Traganza et .
al., 1987). This research began as a result of one of the first 2
satellite IR images of the California Current System. The image ff
revealed a surface thermal pattern of cyclonic eddies nearshore
which were similar to "nutrient cells" suggesated by conventional :ﬁ
data from the California Cooperative Fisheries Investigations ol

(see satellite image in Traganza et al., 1980, “"Satellite
Observations of a Nutrient Upwelling Off the Coast of

California”). Ultimately, from the close inverse correlation of 55
nutrients and temperature discovered by this ONR project, o,
satellite images were converted into nutrient maps. This was m
reported in three invited talks to the bordon Research Conference 3 2 w
on Chemical Oceanography in the U.S.A., the NAT0 Advanced 51 o
Research Conference in Portupal, the International Union of olo E ) .-
Geodosy and Geophysics in West Germany and published in our paper “wig e 3
*Nutrient Mapping ...etc., Traganza et al., (1983). o S. =  “
= _8 ro: ) ‘
A number of at-sea experiments were conducted in this ONR do—~ o N
project to investigate the significance of "chemical fronts® as esa 2 b,
sites of chemical exchange and primery production. UWe learned to vex # G
use satellite IR images to detect upwelling systems and to predict =~ 3§ © JJ
the subsurface chemical structure of fronts from the surface el & h
thermal pattern. UWe discovered °surface jets" (giant plumes) and 232 9 )
distinctively structured eddy-like features which we named w3 ad -
"cyclonic upwelling systems" (see Traganza et al., 1981, Eeal . W
"Satellite Observations of a Cyclonic Upwelling System and Giant s en
Plume in the California Current® ). A nomencleture and & sequence S 3| .2T 2
of evolution of upwelling frontal systems was developed (Traganza c B2 Y% :ﬁ
et al., 1985). A variety of upwelling systems were found to form D23
sharp thermal/chemical gradients or "fronts” where phytoplankton IR I {iﬁ
were often found to concentrate and persist. This validated ool d M
satellite ocean color imagery® (Traganza et al., 1983). Following N A ¢
our discovery of these frontal systems, three papers (Traganza et ﬁ ol e ;:
al., 1983, 1985 and 1987) quantitatively described these systems o
and offered a conceptual explanation of the frontal bloom Q*;
phenomenon. In the last of this series of papers three- ¢ l E b
dimensional mapping was used to relate subsurface structure to .
satellite imagery, and an atmospheric forcing model was applied &l o
to analyze and predict the interaction of physical, chemical and O f
biological processes at upwelling fronts. Since some of these 24 0]
systems extend for hundreds of kilometers into the California ”“4..””~"m_“$
current and persist with prominent blooms, the process must be '
considered in the mass balance of the California current system. rv,@ -
s The British National Space Agency, London, has just relessed a ... . __ __ e
publication on the commercial aspplication of satellite ocean sttty Codes ::
color imagery featuring our image from the 13983 paper. ;-F;JILF Y,
, ( . wirneced! ::
- L .u
INSPECTED A,| L L Sﬂ
et J.'_!
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IB. January 1987 publication in Continental Shelf Ressarch, 0
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Chemical flux, mixed layer entrainment and phytoplankion blooms at
upwelling fronts in the California coastal zone

EvGent D. TraGanza,.® Donatn G. Repauset and RoLann W. Garwooni

(Reveived 22 December YIRS in revised form 23 April 198y, accepied 28 February 1986)

Abstract — Atmunphoric and i it physical processes appear o gencrate o sestaned chemal
fan at the frontal houndarnies of comstil upmcliing ssatems In s studs oft Pt Sur. Calilorma,
satclhite images and three-dimensionalls prosented i i data show 1he cvolution of an upwethng
ssatem o with o strong chermcad front and o large phytoplanhion bloom in a surtace biner
pntaposed 10 the frontid boundary Nutnient upiobe from this liner by phvioplankton. ranging
from 015 10 239 yM NO; d . isoindwated by prmarn production measarements i the bloom
Bascd onan atmosphernie forang model. wind stress denes the phyvacal enteammenm ol natnenis
froms deepet liscrs mtor the omved Bbner” adpeent 1o the front @ tates ranging from (o
V70 uM NO d ' From a dvasme hatance of nutrient exchange processes., a kiteral cross-tront
exchange trom the upacibng ssatem to the adacent mined biver s abo mdwated These wo
Mg provesses, sustnned by armosphieric lorang may explam the chemestat-bihe persisience ol
phyioplankton pigments which appear along the boundanies of upwelimg sestoms i senr and
remotely seased ocean color images of the Cabilorma coastal zone

INTRODUCTION

Eartu kstudics (Tracasza et al.. 1980, 1981, 1983) combining satelhite and in st data
demonstrated that Pr Sur. California is an active upwelling center which trequently
geacrstes evclonic upwelling svstems™ and occasionally surtace “jets” which extend
hundreds of Kilometersinto the California current system. It was also shown. but without
cxplanation, that phytoplankton concentrate along frontal boundaries (sharp thermal
and chemical gradients) of upwelling systems. Our objective is to better understand this
phenomenon which appears to be very important to primary production in this coistal
upwelling region and the California current (Tracaszaer al.. 1983: Siarson. 19S4).
Under conditions of sustained. stron2. northwesterly winds. cold water outcrops at the
sca surface off P Sur with a strong frontal zone which is clearly visibie i satellste e
imagers (Fig. 1), An oceanic surface laver on the seaward side of the front s relatinely
warm. stratificd and low in biologicatly active elements. such as pitrogen and phosphor-
ous. The shoreward side iy cold, well mixed. and relatively rich in these elements
(Tacaszaeral. . 1980, 1981). The nutrient-rich water which s brought into the cuphonic
zone inshote of the upwelling front mas mix horizontally across the surtace densaty front

Department of Natural Sacnce . San Dicgo State Unineraty s San Dicgo, CA Q282 and Senpps Dasituion
of (xcanozraphy. Uancersiy of Coldornag, San hega, CA 200 U S A
Contar for Manne Sacace, Universin of Southera Missssappre Galt Park Regionat Campos L ong Beach
MS 930 LY A
Depaniment of Occanography . Noaval Postgradoaie School, Monterey, CA 933 U8 A
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into the shallow seaward surface laver. Alternately. local wind stress may deepen the
surface laver adjacent to the front and entrain nutrients verticatly across the pyenacline
which slopes to the surface at the frontal boundary (G wwwoon. 1977: Snay and Greac,
1983 Apasiee and Gakwoon, 1985). Both possibilities are supported by the observation
that it is there. just scaward of upwelling fronts. that the highest levels of chiorophyll

i concentrations regularly occur (Moo rser al . 1977 Teacszaer al .. 1983).

\ According to Kiris and Cosie (1984) it is usually assumed that nutrient gain by the |
‘ surfice laver of coastal upwelling arcas is mainly controlled by vertical and horizontal

H advection. However. they abo show that in relatively shadlow Liver regions. such as the ‘

Mediterrancan. vertical transport is induced (on a time scale of days) by atmospheric
torcing (wind stress). Hence. there is reason 10 consider the aftects of atmospheric
forcing on the surfuce laver adjacent to the upwelling tront. 1t is often presumed that
| upwelling areas are too complicated to be represented by one-dimensional models used
in these other studies. However. we have found that one-dimensional models are usetul
‘ because the structural relationship of the upwelling front and adjacent mixed laver (Fig.
1) is very persistent. and local wind stress apparently will (vertically) crode the shallow
i‘ thermochine at the surface density tront,
' Here. wind-induced mived laser deepening and nutrient entriinment by the mixed
¥ Liver were determined by an extension of Garwoon’s (1977) model. Models of this type
It hine pronen 1o be usetul as shown by numerical predictions from ficld observations
l* (Kireivand Coste. 1984). The model assumes horizontal homogeneity for the entrain-
L', ment and turbulence processes. and iy in that sense one-dimensional. However. the
entrainment calculation is not dependent on temperature. density or velocity being
horizontally homogencous. Also, advection of non-homogeneous water is considered
k | here in the balunce of major processes which may affect nutrient exchinge at an
upwelling front. such that. the observed rate of change of mean nutrient concentration in
& % the mined Laver. DAYDr. is equal to the sum of mixed {aver nutrient entrainment.
: biological uptake. advection and atmosphenic exchange of nutrients.
; Kt and Cosie (1984) suggest that nutrient entrainment which results from atmos-
F X phenie forcing can be the main determinant for primary production. These authors did
not obtin data to support this conclusion. Here, the P Sur upwelling system was
f mapped to locite a phytoplankton bloom and describe the boundary region in which the
upwelling tront and occanic mined Liver are justiposed. To investigate nutrient entrain-
ment by the mined kaver. a time senes of vertical profiles of nutnients and temperature
' were obtained in the bloom and adjacent 1o the front for iniahizing the model.
o Representative measurements of primaes production an the frontal bloom were com-
pared with nutrient entcanment by the mived Laver as caleulated by the model. The
results suggest there s a coupling between nutrient entrainment and primary production.
But. from the balance of major nutrient exchange processes. additional fluxes are
indicated to sustmin the large phytoplankhton blooms which are so prominent and
persistent along boundaries of upwelling svstems in the Calitornia coastal upwelling
zone.

{
t M THODS
!

Satelhte 1.r. images of the castern north Pacific were obtiained trom the NOAA ficld
station at Redwood City . Calitormia. to detect upwelling ott Pro Sar. Calitornia. and to
locahze the samphing arca before beginning the cruise (Fig. 1), A squared spiral cruise
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Chemical flux at upwelling fronts 93

track (Fig. 2) was centered on the upwelling system. In sitiu temperaturc measurements
were made continuously at 3 m while the ship transited the cruise track until a maximum
area of 50 x 50 km was covered. This approach has proven to be the most effective way
to search for and map the surface thermal signature of the Pt. Sur upwelling system
(TRAGANZA €t al.. 1980, 1981, 1983). Underway measurcments of temperature. nitrate
and phosphate. and in vivo fluorescence were used to locate and map the distinctive
thermal and chemical fronts and chlorophyll concentrations along the boundaries of the
system. The system was mapped on 22-23. 24-25 and 26-27 July 1983, The first was the
50 x St km square. It was reduced by leaving off the northward 10 km leg and then
reduced further by leaving off the seaward 10 km leg on the 2nd and 3rd mappings. Each
mapping was followed by three vertical stations in the region of the phytoplankton bloom
adjacent to the front—three each on days 23. 26, and 27 July 1YA3.

Infrared satellite imagery

Six satellite passes were processed (Fig. 1): five from NOAA-7 (19 July. 2200Z: 20
July, 2200Z: 22 July. 2300Z: 23 July. 2M0Z: and 25 July. 2200Z) and one from NOAA-N
(20 July. 0200Z). Each pass was radiometricatly calibrated for bands 4 and 5 (10.3-11.3
and 11.5-12.5 pm. respectively). Earth location was corrected so that the crror was no
more than 2 km. Each image was registered to o fined gnd with pivel dimensions of
1.1 km. Both the coast and the 100 m bathvmetric contour were registered to the same
grid. Images were cnhanced 10 cover the 12-16°C range of brightness temperature along
the central California coast at temperature steps of (0.58°C so movement of temperature
structure and thermal fronts can be seen relatinve to stations - An atmosphernically
corrected sea surface temperature was not derinved heciuse spatisl smoothing eftects
from cloud screening and noise reduction would tend to attenuate the features of interest
and corrected sea surface temperature estimates are not essential to this study .

CRUISE TRACK

Monterey

----- Underway Sampling st 3m
¢ XBT Stations
+ Vertica! Stations

Fig 2 Crwse track July 1983 XBT Stas 1-30 1225 and 1-20 were indduded duning underwan

sunevs of temperature. autnents and chlotophul w3 m oon 22223 24 2% and 2627 July

roespectinedy . Vertal stations were occupicd beiween survess 1o obtain pratihos of the samg
patameters and priman production
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Temperature

Expendable bathythermographs (XBTs) werc dropped every 10 km along the track to
obtain 30 vertical profiles of temperature on the full square and 25 and 20 on the two
succeeding squares. respectively. XBT profiles were used to reconstruct the three-
dimensional thermal structure of the upwelling system (Fig. 3). In situ water temperaturc

A, was sensed continuously by a thermistor located at 3 m in the ships’s seawater intake and
g recorded on a strip chart recorder. The equipment was calibrated against thermometer
A readings. A three-dimensional (3-D) presentation of the 3 m isopleth was constructed
8 from seawater intake temperature along with chlorophyll and nutrient concentrations
} ' (Fig. ).

1 Chlorophvil

In vivo fluorescence was measured continuously in the seawater after being pumped
from the intake. through a debubbler. and into a Turner 111 fluorometer. All fluores-
cence values were recorded continuously on a strip-chart recorder. Fluorescence was

; calibrated against duplicate 100 mi samples of water which were taken every half-hour.

THERMOC L NE

17 13O THE M

OEPTH N TRAD
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Fig 3. Time senies of three-dimensional thermal structure of a coistal upwelling system off Py S
Sur. Calitorana. 22-23. 24-25_ and 26-27 May 1983, indis idual isatherm depth scales ire offset by !
a constant interval ol 75 m "
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Fig. 4. Time senies of temperature. nitrate, and chlorophyll at 3 min the frontal tranvtion zone
of an upwclling system off Pt Sur. California, 22-23. 24-25 and 26-27 Juh 1983

prescrecned (200 um nitex). filtered (Whatman GF/F glass fiber filters). and analysed for
chlorophyll.

Nutrients

Dissolved nitrate and phosphate were measured with a Technicon AutoAnalyzer
every 2 min on the continuous flow of seawater which was pumped to the instrument
from the ship's intake. All values of these samples and standards were recorded
continuously on strip chart recorders [see Trac.asza er al. (1981) for details].

Primarv production and biomass

Phvtoplankton carbon specific growth rates and carbon biomass were determined using
the “labeled chlorophyil @7 technigque of Reoaut and Laws (1981). Pnimary production
was calculated from these values. Nitrogen uptake rate was estimated using estabhshed
relationships of phytoplankton carbon to nitrogen (Gotbman, 1980).

Primary production was determined in samples taken from 50% [, (incident irra-
diance) and 10% J,, light depths. These depths correspond to the general mean irradiance
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96 E. D. TratANzA et ul.

levels for the upper and lower parts of the shallow mixed layer. The water samples were
inoculated with 250 uCi of H'* CO: and incubated for 24 h in 4-1 polycarbonate bottles.
The bottles had been wrapped with neutral density screens to properly regulate hight
penetration in a running seawatcr-cooled deck-top incubator. H' CO. Stocks and
incubation bottles were prepared using the clean techmyues recommended by Frtzwatek
et al. (1982). Following incubation. the labeled particulate material was collected on
Whatman GF/F glass fiber filters and treated as described by Rrvacss (1983).

Data for mixed luver nutrienr enerainment model

The effects of atmospheric forcing (wind stress and solar radiation) on mixed lasver
decpening and vertical nutricnt entrmnment by the mixed layer were estimated by an
extension of Garwoon's (1977) model. The model employs hourly observations of
surfuce wind speed and direction. sca surface temperature. wet and dry bulb air
temperature (dew point s caleulated). and cloud cover. Pronles of nutnients and
temperature in the water column were used to imtiahze the model at each station

THE MODEL

Model for mived laver entrainment of nutrients

The upward nutrient entriinpment Aux. w'N'(-0).into o mined laver of depth /It s
dependent upon the turbulent entiinment velocity . w.and the discontinuity in nutniem
concentration. AN. across the entrainment zone:

w Nz = <h) = wAN.

Here 2 is positne upward. and AN i positive if 0N 82 1s negative at = = ~h. the base of
an entrimng mined laver. Thus two factors are needed to predict the entrammment fluy
the vertical profile of nutrient concentration, N(z). and the intensity ot the turbulent
miving in the entrainment zone. The nutnient budget can be used 1o predict AN, or AN
may be speaified from observations.

The rate of entrainment is i tunction of the state of the mised laver turbulence. and as
such requires a solution to the turbulent binetic energy (TRE) equations [see reviews by
Zinuskivk e ol (1979) and Garvsoon (1979)]. For the problem at hand here. the
entrainment selociy o w s provided By the entrammment hy pothesis of Garwoon (1977)

W o= (vrjj -E/(IIAB).

where £ = 1" + 07 + w7 is the total TKE. and 38 s the buovance jump across the
stuble entrainment zonc Thes model has been tested extensinely including independent
eviluations (Magns, J983). The eapression tor w, is dernved from TKE budget in the
entrainment 2one. =h > 2 > ~h - 6 In this zone. the buovaney flun is assumed to be
balanced by the convergence of the vertical transport of TKE. This comvergence term s
modeled as a function of the TKE components and the vertical distance over which this
energy must be transported.

The value of AB depends upon both temperature and sabinty changes at the bottom of
the mixed laver. AB = ag(T(-h) - T(-h - 6)) - PetS(-=h) - S(=h - 61). where & is the
thichness of the entrainment zone. and ¢ and f are the thermal and haline expansion’
contraction state coethcients, and g s gravity. The prognostic equations for the vertical
component of the TKE. w'-, and the total TKE. E are determined by the vertically
integrated TKE budget:
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Chemical flux at upwelling fronts 97

0 = mu*' - B'w'(-h)/(2Ri*) - (E'" + M)E
0= (Bw(-h) - Bw ()2 + (E - 3w)E" = (E" + MEN.

Here u* = (1/p)"” with 1 the magnitude of the surface stress and p the water density. and
Ri* = AB/(Ai" + A) is the bulk Richardson number. The quantities AB. Ari and Ar
are the buoyancy and velocity jumps between the mixed layer (assumed well-mixed or
ncarly homogencous) and the level immediately below the mixed layer. z = —h - 3.
Thesc bulk TKE equations are solved algebraically.

The mixed laver depth is dependent upon both the entrainment velocity, w,.. and the
mean vertical velocity at the hase of the mixed laver. W(-h):

dh/idr = w. - W(: = —h).

Vertcal advection does not directly influence the entrainment rate. However. over a
penod of time. Wi-h) will change the mean profiles of buoyancy . velocity and nutrient
concentration For shorter periods of model integration. as in this case. W(=h) may be
neglected. The permissible time penod over which such advection can be reasonably
neglected 1w a function of the magmitude of the vertical velocity and the depth of the
moved laver (Murirrer al . 1983).

The model requires specification of the ume-dependent wind stress. 1. the effective
wutface buovanay flunes (due to net heat fius. but corrected for absorption of shortwave
tadiation below the surface). and the initial condivons. Initial conditions are required for
the 1emperature. Te2). the sahmty. $(2). and the nutrients, A(z). I available. initial
velociy profiles are dewirable. When @(2) and v(z) are unobserved. however. the
assumption s made that the imtial mined layer current s determined by the steady state
Ekman transport. This may be a source of tnaccuracy in the computation of entrainment
on g ume scale shorter than a halt-inernal peniod. but subsequent predictions are
insensitinve 1o the imnal vefocity condinons,

There arc twa basic modes of solutions 1o the above system of cquations: ap entriining
mode und o non-entraimng mode. In the entraiming mode. the entrainment velocity .
w o > 0and the mined Laver will deepenif W(=h) is neglected. In this case there will he
an upward fluy ot nuinents provided the putrient concentration below the laver is greater
than the concentration in the mied laver (AN > 0). Should there be a lower coneen-
tration of nutnients below the Liver. then entruinment will resultin an apparent negative
or downward fluy of putricnts out of the mined tnver. .

In the non-entraining mode . the ntensity of the vertical component of the TRE. w'= iy
e sittal to support entrainment. and w, = 0 In this case. the prognostic equation for
dir dr does pot apphy Instead. a diagnostic value tor a new shallower 1 predicted by the
solution of the two TRKE equations above. In any case. with w, = 0, there is no
entranment flun of nutnients into the mined laver. This shallowing of the mined Laver in
response to reduced wind miang and increased surtace heating theretore mas cut oft the
source of nutnents for the mined baver

RESUETS

Sarellite and held observanons

The value of sutellite remaote sensing s demonstrated in Figo 1 which shows a newls
formne upweliing swatem oft Pt Sur. Cahfornmia The movement and torm of smail scale
tempuerature structure s easth followed as the svatem deselops in apparent conformin
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98 E D Teracavacial

with bottom topography as indicated by the 1000 m isobath  Of importance here s the
pensistence of the upwelling front (mined layer boundary ) relstive to the vertical stations
(shown as 3 tic marks in the center of the image). Mceasurements were made at these
stations to initialize the model and thus estimate the eftects of atmosphernic forang on
nutricnt entrainment by the mixed layer. These stations are numbered 1.5, 2 and 2.5
(Fig. 2). The rectangle delineates the full arca of underway analvaes (22-23. 2428,
26-27) for icmperature. nutrients and chiorophy it at 3 m_and tor tXB T vertical profiles
of temperature. XBTs were dropped every 10 km along the track (Fig 2) at Stas 1-Mhon
the S0 x50 km square. and at 1-25 and 1-20 on the succeedimg two squares

Figure 3 is 4 time senies of isotherms reconstructed from the NBT data The slopes of
the isotherms reveal the vertical divergence at the coast with upwelling of 12-14° water
and downwelling of 10-11° water. The 3-D presentation gives an excellent perspective of
the thermal structure of @ coastal upwelhng svstem and a physical basis for suterpreting
processes of nutnent exchange at fronts. Additional obvious features are the thermal
trontand smadl scale structure (domes and depressions) in the sotherms. The position of
the front and the structured region reveated in the isothermal field are abo indicated in
the satelhite image (Fig. 1) and supported by the distniibution of surface temperature and
nutrients at 3 m (Fig. 4).

Figure 4 presents a striking view of a chemucal front and adjacent phytoplankton
bloom. The i erse correlation of nutnients with temperature imply that the 3-D teld of
motherms could abso represent nutrient isopleths.ie the nutnient field was.in fact. very
similar to the 3-D thermal ficld. The location ot the bloom i consistent with those of
persistent plant pigment aggregations along frontal boundaries seen in carlier i situ
studies and by comparisons of i.r. images with ocean color images (Tracaszaer al .
1981, 1983) . Although only two Nimbus-7 CZCS vistble images (from 19 and 25 July 1983)
were available at this time. they support this obsersation.

Envrainment model data

The data trom vertical stations 1.5, 2 and 2 5, on 23 and 26 July. are presented in
Fig. 3. Data trom 23 Juby were used 1o snittalize the mined laver entrainment model
Temperature profiles were used to determine imitial mean temperature and approximate
depth of the mined laver (the shatlower dashed ine) Nittate prohles were used to
deternmuine the imitial mean concentration of the mined luver and the difference between
this nutnient coneentsation and that of the laver bencath Subsequent profiles were
computed as they would evolve due to atmosphenic forang (wind stress and solar
radittion). The net effect of sustained wind stress (Fig 6) and solar radiation at Sta 2 S,
tor example. was expected 10 cause an increasing entrainment by the mined laver
(Fig. 7). a deepening of the mixed laver (the deeper dashed hine ain Fig §). decreasing
mcean temperature. and increasing mean nutrient concentration Precisehy this was borne
out at St 2. 5 when it was revisted on 26 July 10 observe changes in these parameters it
Is also anteresting 10 see that there was an increase of chlorophyil-—the manimum
associated with the bottom of the mixed layer (Fig 5) This aincrease in chlorophyll i
consistent with the nutnient ennchment of the surtace laver by lud entrainment although
a lateral cross-front exchange also may have plaved a role Lastlv . there s the possibafity
that the stations were notin the same water mass on 23 and 26 Julv From Figa 1. 3and 4.
it appears that the front was in about the same location with respect to these stations
However, Fig. S (und calculations below ) indicate some local advection of both warmer
and colder waters
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Chemical flux at upwelling fronts 101

Nutrient exchange balance

The major processes which may have determined the dynamic balance of nutrient
exchange are summed in an equation such that the observed rate of cbange of nutrient
concentration in the mixed layer. dN/AT. is the sum of:

nutrient  + biological + vertical and horizontal + atmbspheric
entrainment  exchange advection exchange.

The observed dN/dT. for example. the abserved rate of change of mean nutrient
concemtration of the mixed layer which deepened from 11 to 32 m at Sta. 2.5, is
calculated from the vertical profiles in Fig. S as

dN/AT = (4.67 - 2.82 yM NO3)/(63.3h24 hd ') = 0.72 yM NOa d™'.

Nutrient entrainment is calculated 10 show what would happen to nitrate levels if there
were no biological exchange or advection and the atmospheric exchange was negligible.
For example. if the mixed layer deepened from 11 to 32 m |as predicted at Sta. 2.5 (Fig.
7)} the change in the mean nitrate concentration of the mixed layer is computed as
follows:

dN/dr = (4.75-2.75 yM NO)A(63.3 W24 h d') = 0.76 yM NO= d '

Biological exchange is assumed to be nutrient uptake by marine phytoplankton which
constitute the high chiorophyl concentrations observed in the bloom. Nitrogen uptake
rate is estimated by applving established relationships between growth rates measured by
carbon-14 uptahe and the ratio of phytoplankton carbon to nitrogen (Goi bmas, 1980).
The estimate of this nonconservative term 6 computed from the expression for primary
production. using data trom 24 h carbon-14 uptake experiments conducted on 24 July
1983 (Table 1), where Cp is phytoplankton biomass in pg C 7' pis specitic growth rate

Table U Phvioplankton speafic growth rates, carhon bamase and  carbon-14
producten ar an upwellore feont oft P Sue. Cabiforna, 24 Jaly 1983

Station »n p i p "C Productinaty V4

No WhH el (ppl'dh) (gl 'D" tn)

1.5 02 106 12.7 132 0

! &

! heht 2 067 127 NS 63 1 |
foved

2s td6 R 1Y) 140 13 1

' [ 00N 254 Rk e 19
e

* I hght 20 043 16X kAR 64 Y
fevel

2s AN kS 1) 201 18N v

p- Speailic growth rate. Cpocarbon biomass, C producuinty. pomany produe-
tion. Z. sampic depth
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102 E. D. TRAGANZA ¢f al.

Tahle 2. Estimated murient flux balance adjacent to an upwelling froni off Pr. Sur,
California, July 1983

dNdT = autricnt  +  hiological  + advection
observed catrainment cxchange
Station

No. (WM NO. d ")

1.5 ALR2 0 -0.48 .67
soey,
hght 2.0 .63 +().66 -1 .27
level

25 +00.72 +0.76 -1.66 +1.64

1.5 .82 0 .24 .58
10,
ght 20 ~0.63= +0.66 -0.86 -0.43
leved

25 0.72= +0.76 -2 +2.35

dN dT is the rate of change based on the observed difference in mixed laver mean
nitrate concentration between 23 an 26 July: entrainment by the mixed laver is
hased oninitalizing an atmosphenic forcing modet from data collected on 23 July:
biological exchange is i representative uptake gate by phytoplankton based on 24-h
carbon-14 pnmary production measurements and a C:N ratio of 7; advecnon is
obtawd by the afgehraie sum. but it may include the effect of amnor processes not
esclusieety consdered. ¢og. waking. grazing and bacteriallyv mediated recycling.

in d*'; dCp/dr = uCp = primary production: and nitrogen flux, dNAT = [(u)(Cp)/12)/
(C/N). For example. at Sta. 2.5 (at the 50% light level) on 24 July 1983, ANIAT = (0.46/
duy)(303.5 pg C YT uM C/12 g C)(1 WM N7 uM C) = 1.66 yM N d'. and (at the
10%  light  level)  dN/T = (0.58/day)(346.5 pg C I"')(1 pM C/12 pg C)(1 uM
N/7uM C) = 2.39 uM N d7'; average = 2.0 yM N d™'. Advection was obtained by the
algebraic sum (assuming atmospheric exchange was negligible).

The dyvnamic balance of nutrient exchange processes at Stas 1.5, 2. and 2.5 are
summarized in Table 2.

DISCLSSION
Ammospheric forcing and mixed layver-upwelling sysiem interaction

Time series satellite and in site observations (Figs 1. 3 and 4) clearly show that a
thermal discontinuity or front can be maintained between an upwclling svstem and an
adjacent oceanic mixed layer on a time scale of davs. The in sine data also show a
frequently observed association between phytoplankton and the sharp thermal and
chemical gradients of upwelling fronts (TRaGANzA ef al.. 1981, 19K3)

To explain this frontal bloom phenomenon and the impact of upwelling circulation as it
appears in satellite imagery (e.g. TracanzAa er al.. 1980, 1YR]. 1983: Tracanza, 198)
one cannot assume that nutrient input into the surface lavers is by upwelling alone. Local
wind stress (Fig. 6) was sufficient to sustain the upwelling. but also to entrain elements
from beneath the very shallow mixed layer which slopes to the surface along the scaward
side of the frontal boundary. The presence of a frontal mixed laver (Fig. 3) and dvnamic
atmospheric forces (wind and solar radiation) which control processes of fluid entran-
ment by the mixed layer strongly suggest that nutrients are entrained by this mechanism
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Chemical flux at upwelling fronts 103

in the area adjacent to the seaward side of the front. Upwelling and downwelling of
the thermocline adds weight to this possibility in that they suggest convective turbulent
mixing by the surface layer adjacent to the front. internal waves could produce an
apparent up- and downwelling structure becausc the sampling time interval is not
synoptic. However. the persistence of specific upwelling and downwelling structure
(domes and depressions) and the siope of individual isotherms over the 1 week time
interval of the three surveys argues that the structure is real.

Chemical flux and primary production

From the satellite i.r. time series (Fig. 1). the saume water mass appears to surround
Sta. 2.5 between 23 and 25 July. The front appears o have maintained a relatively
constant distance from Sta. 2.5 during this time, suggesting minimum adsection of the
water mass relative 1o the station. Thus. this location should have been deal tor
measuring processes which may be involved in the dvnamic balance of nutrient fluxes at
the upwelling front.

When profiles from Sta. 2.5 on 23 and 26 July arc compared (Fig. 5). they show
temporal changes in putrients and lemperature of the mixed laver. The mean nutrient
concentration of the surface fayer increased while the mean temperature decreased and
the mined laver deepencd. These observations suggest that mixing in the surtuce laver
rcached below the thermocline to entrain colder more nutrient-rich water. Strong winds
(Fip. 6) provided atmospheric forcing during the sime time interval. (In contrast, at Sta.
1.5 no nutrient increase was predicted by the model because there was an insufticien?
source of nutrients to entrain, see Figs 5 and 7). At Sta. 2.5 a biological responsce was
observed: the chiorophyll maximum increased sharphy and deepencd. presumabhy
because of utilization of entraincd nutricnts at the base of the mixed laver and resistance
to sinking at this interface.

At Sta. 2.5 biological uptake was faster than the supphy by entrainment (Table 2). but
there appearn to have been advection of more nutrient-rich water into the arca. This man
include cross-front eaxchange as well as a change of water mass.

AL Stas 1.5 and 2 biological mitrogen uptahe was taster than the supply by entriunment
(which ranged from zero to positive) but advection was negatine. Advection of less
nutricnt-rich water relative 1o these two stations s a possible (and hkelv) explanation.
1.¢. those stations occupicd on 26 July were not in the same water occupied on 23 Juhy

Both nutricnt entrainment and biological uptahe are independent measurements based
on condiions o the impal state of the water mass on 23 July 1983 and therctore can stand
alone for direct comparison The incrcase of mitrogen uptahe (as determined by primary
production measurements) trom St 1.8 1o 2 1o 2.5 s positively correloted with the
increase of nutnent entrainmem by the mined laver (Table 2). However. the dynamic
balance of all terms suggests advection or a cross-frontal process many be important as
well. Taken together. the data from Stas 150 2 and 2.5 show the increased uptake of
nutrients by phyvtoplankton s positively correlated with the net of entramnment and the
advection (see g N}

Advection was not obtuned independenth but by algebraically summing the obsenved
rate of change of putrient concentration (between 23 and 26 Julv Y83 ot the same
location), the entraimment. and the biological terme. It therefore could include processes.,
such as grazing and sinking of phyvtoplankton. bacterially: mediated nutnient recvehng
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Fig & Corrclation of bological nutnient uptihe with nutricnt entrainment and advection into
the maixed Liver adiacent 1o an upwething front off Pt Sur, California. 1983 Biological uptabe
based vn carbon- 14 primary production measurements and a CN ratio of 7

(PoMvEROY. 1974 Witniavs, 19R1). NH; as an additional source to nitrogen uptake. and
the affect of photoadaptation on the C:N ratio.

Notwithstanding possible error inherent to flux balancing. this study shows that both
the chemical flux and phytoplankton growth rates are high. and that both nutnient
entrainment and cross-frontal mining may be important determinants of primary produc-
tion at upwelling fronts. Traditionally. the cause of phytoplankton blooms in regions of
upwelling has been attributed to a lack or lag of grazing by herbivores (Cusinsg and
WalsH, 1976). However, this bloom could have resulted from a continued supply of
nutrients to sustain it even during grazing. Phytoplankton growth would have to be high
for the blooms to persist at the observed chloroph Il concentrations. Phytoplankton
growth rates a1 Sta. 2.5 increased from <1 to nearly 2 cell divisions per day during the
course of the study The bloom was sustained with these high growth rates Primary
production could be sustained even at low ambient nutnient levels under steady winds.
The mechanism could be that of a quasi-chemostat (TrRacaNzaeral . 1981) driven by the
winds. with nutrients heing more or less contnuously supphed by upwelling and
entrained by the muned laver or mixed laterally across the front
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. Je wous serais trids obligé de recevoir wma trisge 3 part de “-ltt :
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verbunden: ol - t ich

1 you in advance for this courtesy, you
Je vous en remercie par svance et vous pris de croire & mes sentimeants

les mailleurs, . LT
Mit bestem Dank im vorsus, Ihr sebr ergebener, _J\
Division of Erwi | -
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B8.P. 337 - 29273 BREST CEDEX - FRANCE
Tel. 98.22.40.40 - Telex 940627
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Je vous serais reconnaissant de bien vouloir me faire parvenir un tiré
3 part de votre (vos) article (s).

1 should greatly appreciate recewmg a reprint of your paper (s).

Climiad fn-n( wxed 4(.5.’.4.\ Cuirsiasmanl ard od:.,b,’(-u\.ua\
-6&’00!\0 of lonbs ‘n ”'u_ Gl (oaaed zomns .
paru (s) dans wbsmf Lo 3(4) ¥S- {0S
which appeared in _

Avec mes remerciements anticipés, je vous prie duréer I'expression de mes
sentiments les meilleurs.

Thank you very much, yours sincerely.

Brest, le .Q/j [P+ _
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1D0. Data Report (Camers ready grephs available on request)

1. Infrered Setellite Images: Specifications and rew
images, 3-4, and 7-1) May, 1984, NOAA-6 AVHRR..........

2. 3-0 subsurface veriability of thermal etructure in s
coastal upwelling system, Pt. Sur, California, as
representied by the 12 degree isothern, 3 May 1964....

3. 3-D chlorophyl]l distribution at 2.5 m tn an upwelling
front Pt. Sur, California, 3, 7, 9-10, and 10-11
Mey, 1984................. ceassanses cessesesesesennas

4. 3-D temperature distribution st 2.5 m 1n an upwelling
front Pt. Sur, Californa, 3, 7-8, 8-9, 9-1€, and
19-11 May, 1984............ et ieaeerieeeaaaaa

S. 3-D nitrate distribution et 2.5 m in an upwelling
front, Pt. Sur, California, 3 and 7 May, 1984.....

6. 3-D phosphate distribution at 2.5 m 1n an upwelling
front Pt. Sur, California, 3, 7, end 11-12 May, 1984..

7. Temperature profiles at 3 stations sadjacent to an .
upwe:ling front, Pt. Sur , Celifornia, each sampled 3
times, B8, 10 and ! May, 1984.............. Ceeeee

8. Chlorophyll pgrofiles at 3 stations adjacent to an
upwelling front, Pt. Sur, California, sach sempled
J timegs, B8, 10 and 1) May, 1984.......... ..

9. Nitrete profiles at 3 stations adjacent to an
upwelling front, Pt. Sur, California, each sampled
J times, 8, 10 ana 1) May, 19B84................

18. Cross-shelf surfece tempaeratures trensecting an
wowe.ling front, Pt. Sur, Celifornie, 8, 10 and
11 May, 1964, ... ... i ittt ittt ittt aannans

17. Temperature cross-section 1n an upwelling front :
Ft. Sur, Cal:fornia, B8, 10 mand 1) May, 1984.... X

, Prima-, production,growth rate, biomass and
crlorophyll at I stations trensecting ern upwelling
front, Pt. Sur, Californ.a, eech seamcled 3 times
8-9, 10-11 and 11-12, May, 1964................




IE. Photochemistry Proposal

(Submitted under separate cover.)
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IF. Summary of accomplishments and future possibilities.
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Summary of Accomplishment

Discovery of “Nutrient Cells”
’ A. Initial hypothesis; nutrients cells in CalCOFI data ray be
coincident with cyclonic themal features seen in NOAA satellite
IR images.

B. Nutrient cell hypothesis verified by underway sampling with
autoanalyzer (Traganza et al., 1980).

Discovery of “Chemical Fronts"

A. Chemical fronts are shown to be characteristic of upwelling systems
(Traganza et al., 1981).

B. Horizontal nitrate and phosphate gradients show excellent inverse
correlation with thermal fronts observed fram satellites.

. Discovery of "Cyclonic Upwelling Systems”

A. Satellite & shipboard data show cyclonic upwelling systems are
formed by interaction between California Current and Coastal
upwelling (Traganza et al., 1981).

B. Chemical fronts are found in cyclonic upwelling systems.

C. Series of cruises show upwelling systems recur and persist off
Pt. Sur.

D. Biochemical age (N:P ratio) of upwelling varies seasonally.

Conceptual Model Of Cyclonic Upwelling System Appeared on Cover of EQS

A. Conceptual model was selected from text of Coastal Upwelling for
cover of American Geophysical Union Publication, EOS (Traganza,
1981).

Discovery Of "Giant Plumes" Across The California Current

A. Chemical fronts are found in giant plumes which satellite shows
extending across the surface of the California Current (Traganza,
et al., 1981).

Chemical Mesoscale & Biological Patchiness Interrelated

A. Phytoplankton bloams are shown to be concentrated along chemical
fronts by underway fluorescence, chlorophyll, and adenosine
triphosphate (ATP) analysis (Traganza et al., 1981).

. CZCS Chlorophyl1l Mapping Show Fronts Determine Regional Primary
Production

A. Satellite CZCS ocean color measurement verifies blooms are in
gradients (Traganza et al., 1983).




8. CZCS indicated upwelling frontal systems determine distribution of
primary producers and productivity in California Current & along
coastal baundary.

C. C-14 and GTP/ATP measurements indicate high rate of primary
product ion associated with chemical fronts; especially equatorward X
of cyclonic systems, y

. Sea Surface Nutrient Maps Are Produced From Satellite IR Images

A. Satellite IR radfance is correlated with below surface (2.5m)
temperature field by algorithm for radfative transfer equation to
to produce corrected thermal image as 2.5m sea surface temperature
map.

B. Mutrients and temperature fram sharpest gradients are correlated,
then d

C. IR image is converted to nitrate and phosphate 2.5m sea surface
nutrient maps (SD = 5%) (Traganza et al., 1983).

D. Real time mesoscale chemical structure (chemical weather) of sea
surface is revealed and feasibiltity for prediction of mean X
nutrient flux from satellite derived nutrient maps is established.

E. Show initial concentrations of N and P in source water masses and )
slope of nutrients vs. temperature vary seasonally; more is needed .
to develop oceanic mnutrient climatology model.

Natural Chemostat Is Proposed As Hypothetical Hodel 0f Fronts

A. Hypothesis: chemical fronts regulate recycling rate of non-
conservative elements by phytoplankton; specific growth rate = f v
(nutrient flux and light availability); a chemostat effect may
explain pronounced phytoplankton growth along frontal boundaries y
(Traganza et al., 1981). :

8. May 1983 experiment: Dr. Redalje measures specific growth rates of
phytoplankton in blooms concentrated along a front; underway C-14
uptake measurements are made to assess total biamass growth in
response to nutrient levels. .

C. Light level is measured to determine if it is 1imiting on mixing
side of front vs. nutrient limited, stratified side.

D. Trial measurement of scalar irradiance field made form TOSS.

Subsurface Three Dimensional Mapping Is Related To Satellite Imagery

A. May 1982 experiment: towed seawater sampling system (TOSS) deep
maps nutrients, temperature, and chlorophyll at 15 & 25 m with

surface (2.5m) map; fran XBTs related themal structure is plotted
in three dimensions by camputer. ]

: ' ‘\p - B T I T v, T AT AT LA PR LR Y L7 = B NN B T P W L WOy "o N O
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B. Discovery of chloraphyll maximum associated with downwelling of the
mixed layer within an upwelling system.

C. Sea surface thermal pattern seen as surface expression of mixed
layer topography in satellite imagery of upwelling region,
(Traganza, 1984).

Discover Chlorophyll Max. Assoc. With qunue1ling In An Upwelling System

A. May 1982 3-D mapping experiment discovers chlorcphyll maximum
associated with downwelling (Traganza, 1984).

B. May 1983 experiment: Adopted Garwood's mixed layer model to
caonpare estimated “nutrient entraimment flux" with Redalje's C-14
speci fic growth rate measurements, and estimated non-conservative
nutrient uptake in the mixed layer to nutrient uptake calculated
fromn C-14 uptake, biamass & C/N.

C. Pursue 3-D approach to understanding and relating subsurface
ecosystem variability to satellite imagery.

Future Plans:

Light Maps To Relate Optical Properties To Chemical & Biological
Processes

A Scalar irradiance field will be measured fran TOSS to produce
K-maps which will relate light as well as nutrient flux to
chemostat and nutrient entraimment models.

B. Vertical profiles will be used to set TOSS at one attenuation
length; the depth within which most of the CZCS signal originates.

C. Alternately, TOSS may be used as an isolume follower to map
chlorophyll,

D. TOSS II in concept stage for 3-D.
Measurements Of Other Systems

A. Plan canparison of anticyclonic vs cyclonic systems; see image fram
31 January; biogeochemical transport mechanisms may be different.

B. Plan to investigate a recurrent, large eddy in the California
Current which appears to interact with coastal upwelling to form
recurrent frontal systems in the central California oceanographic
regime.

C. Plan "experiments of opportunity” in other ocean regions where
frontal systems are known. (First one with NOSC, Al Zirinoc's group
in Mediterranean, Mar 30 to April 20, 1984)

_a e o




Biogeochemical Cycle
A. Identify dominant primary producer and primary consumer species.
8. Detemine phytoplankton C:N:P covariance vs. max growth rate.

C. Determine dissolved C:N:P covariance vs. phytoplankton C:N:P .
covariance. .

C. Isotopic fractionation vs. growth rate: C13/C12; N15/N14;
determine N recycling in surface layer vs. upwelling N.

E. Test satellite remote analysis of pH and alkalinity to bring C02
system and nutrient cycle into one unifying biochemical model.

Ocean Prediction

A. Test satellite prediction of ocean nutrients from temperature;
approach: monitor seasonal thermmal structure with AXBT flights and
correlate with nutrients when ship data are available; use
periodical 1y updated seasonai climatological water mass model for
nutrient prediction fram satellites.

B. Couple biogeochemical model to nutrient prediction model! for
predicting biamass fram satellites.

Joint Experiments: Bioluminescence: Isotope Biogeochemistry: Trace
Metals: (€02

A. Bioluminescence experiment with Bill Hemhill USGS & Richard

Lynch NRL of f California in July, 1983. .
B. [Isotope biogeochemistry experiment with Greg Rau, N
NASA-AME S,
C. Trace metal-nutrient cycle-C02 system study in the Peruvian \

upwelling area; 1in talking stage with Dana Kestor, URI; 1/84,

D. Zooplankton in fronts; sea trials with Valerie Loeb, MML; March

1983,
E. Colaboration with Jim Mueller, NPS; a possibility for summer and
fall 1983.

TOSS III b

A. Plans are laid for a 3-port variable depth, transportable (go
anywhere), towed seawater sampling & analysis system.

Remote Chemistry ;

A. Remote chemical analysis fram shipboard is an exciting new .
possibility which could advance chemical oceanography; more will
be said in the future.
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II. INDEX OF TECHNICAL REPORTS

Van Leer, J.C. and E.D. Traganza (1983). Towed Underway Sampling
System Test and Recommendations) Naval Postgraduate School,
Monterey, California (unpublished manuscript).

Traganze, E.D. (1979). The use of temperature and color in
satellite detection of ocean fronts and eddies for ASW
applications: A summary of selected literature condensed and
edited by the author. Naval Postgraduate School, Monterey, CA
83942, Tech. Rpt. (NPS-E8-79-008), S8 pp.

IIT. INDEX OF PUBLICATIONS

Pagers jin refereed journals

Traganza, E.D., D.6. Redalje and R.W. Garwood (1987). Chemical
flux, mixed layer entrainment and phytoplankton blooms at
upwelling fronts in the California coastal zone Contjnental Shelf
Research 7(1):89-105,

Traganze, E.D. (1985). Application of Satellites to Chemical
Oceancgraphy. In: Mapping Strategies in Chemical Oceanography.
Zirino, A. {(ed.), Amerjcan Chemical) Society, Washington, D.C.

Traganza, E.D., V.M. Silva, D.J. Austin, W.L. Hanson, and S.H.

Bronsink (1883). Nutrient Mapping and Recurrence of Coastal
Upwelling Centers by Satellite Remote Sensing: Its Implication
to Primary Production and the Sediment Record. In: Coastal

Upwelling: Its Sediment Record. Suess, E., Thiede, J. (eds.),
Plenym Press, New York, pp. 61-83.

Traganza, E.D., J.C. Conrad, and L.C. Breaker (1981). Satellite
observations of a "cyclonic upwelling system” and "giant plume*
in the California Current. In: Coastal Upwelling. Richards,

R.A. (ed.), Amerjican Seophysical Unjon, Washington, D.C., pp.
228-241.

Traganza, E.D., D.A. Nestor and A.K. McDonald (1980). Satellite
observations of & nutrient upwelling off the coast of California.

Journal of Geoohyvajcal Research 85:4101-4106.
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Published Abstracts

(excepting invited talks and poster papers given below)

Traganza, E.D., D.6. Redalje, M.J. Began and R.W. 6Garwood (1984).
Dynamics and chemistry of chlorophyll blooms at upwelling fronts. !

. EOS, Transactions, American Geophysjcal Unjon £5(45):958.

Traganza, E.D., D.6. Redalje and M.J. Began (1984). A new view of
coastal upwelling ecosystems from satellite IR images and a 2-
dimensional approach to in gity sampling and analysis. EOQS,

Transactions, American Geophysical Unjon, Jan. 23-27, New Orleans,
510-07.

Redalje, D.G., E.D. Traganza and M.J. Began (1984). Phytoplankton
growth rates and biomass for populations associated with chemical
fronts in the California coastal upwelling 2zone. EOS Transac-

tions ,Amerjican Geophysical Unjon, Jan. 23-27, New Orleans, 520- ©5.

Traganza, E.D. (1981). Satellite and jn sity studies of upwelling
frontal systems in the California current. In: Proceedings of
the National Research Council Symposium and Workshop on UWater
Sampling While Underway. Feb. 11-12, 1980. Natjonal Academy of
Sciences Press.

Traganza, E.D., W.E. Hanson, S.H. Bronsink, and D.M. Austin
(1980). Satellite inferences, 6TP-microplankton productivity and
chemodynamic effects of upwelling systems off Pt. Sur, California.

EOS Transaction, American Geophysical Union §1(46):1013,

Traganza, E.D., J.C. Conrad (1980). Satellite and jin ity K
observations of nutrient upwelling and microplankton biomass in
the California current system. In: 1IDOE International Symposium
on Coastal Upwelling.® Feb. 4-8, 1980, USC, Los Angeles,
Californiai AGU, AMS, ASLO, NSF. N

Traganza, E.D. (1980). Satellite and synoptic studies of the Pt.
Sur cyclonic upwelling system. IN: Proceedings of the 27th
Annual Eastern Pacific Oceanic Conference. October 8-10, 1980,
UCLA Conference Center, Lake Arrowhead, California.
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Poster Papers

Traganza, E.D. Satellite Observations of a Nutrient Upwellinn off the Coast
of California; Canadian Institute of Chemistry Conference on Marine
Chemistry into the Eighties; Unriversity of Victoria, B.C., Canada, 1979.

Traganza, E.D. Chemical Fronts in the California Current; Gordon Research
Conference on Chemical Oceanography, January 28 - February 1, 1980, Santa
Barbara, California, 1980.

Traganza, E.D. Satellite Mapping of Nutrients of f the Central California
Coast and 3-Dimensional Relationships of Biomass in the Surface Layer;
EOS Transactions; American Geophysical Union, 63(45), 1982, p. 956.

Covers

Traganza, E.D. Conceptual Model of a Cyclonic Upwelling System; Cover of EOS
Transactions; American Geophysical Union, 62(36), 1981, September 8.

Master's Theses
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Nestor, D.A., M.S. Thesis, A Study of the Relationship Between Oceanic
Chemical Mesoscale and Sea Surface Temperature as Detected by Satellite
IR Imagery; Naval Postgraduate School, Monterey, California, 1979.

Conrad, J.C., M.S. Thesis, Relationship Between Sea Surface Temperature and
Nutrients in Satellite Detected Oceanic Fronts; Naval Postgraduate
School!, Monterey, California, 1980.

Johnson, J.E., M.S. Thesis, Subsurface Dynamical Properities of Variable
Features Seen in Satellite IR Imagery off Point Sur, California and Their
Acoustic Significance; Naval Postgraduate School, California, 1980.

Bronsink, S.H., M.S. Thesis, Microplankton ATP-biarass and GTP-productivity
Associated with Upwelling of f Point Sur, California; Naval Postgraduate
School, Monterey, California, 1980.

Hanson, W.E., M.S. Thesis, Nutrient Study of Mesoscale Themal Features off
Point Sur, California; Naval Postgraduate School, Monterey, California,
1980.

Phoebus, R.W., M.S. Thesis, Distribution of Chlorophyll Biomass in Chemical
Mesoscale Features Detected by IR Satellite Imagery; Naval Postgraduate
School, Monterey, California, 1981.
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Jori, C.D., M.S. Thesis, Estimating the Distribution and Production of
Microplankton in a coastal Upwelling Front, fron the (ellular Content of
Guanosine-5'-triphosphate and Adenosine-5'-triphosphate; Naval
Postgraduate School, Monterey, California, 1981.

Silva, V.M., M.S. Thesis, Thermal Calibration of Satellite Infrared Images
and Correlation with Sea Surface Nutrient Distributior; Naval
Postgraduate School, Monterey, California, 1981.

Howard, S.J., M.S. Thesis, Subsurface Thermal and Bio-Chemical Structure of

Fronts Inferred fram Satellite Infrared Imagery; Naval Postgraduate
School, Monterey, California (in progress).

8. Invited Talks

Traganza, E.D. The Use of Satellite Infrared Imagery for Investigating
Nutrient Fronts in the Ocean; Gordon Research Conference on Chemical
Oceanography, Plymouth, N.H.; announcement in Science 1981, 211, no.
4487,

Traganza, E.D. Nutrient Distribution and Recurrence of Upwelling Centers by
Satellite Remote Sensing; NATO Advanced Research Institute Abstracts,
Villamoura/Algarve, Portugal, 198l1.

Traganza, E.D. Application of Satellite Radiometry to Study of Chemical
Fronts; 1listing in program, 185th National Meeting American Chemical
Society, Seattie, Washington, 1983, no. 166, p.40.

Traganza, E.D. Satellite and Synoptic Studies of Chemical Fronts; NOAA-AMCL,
Key Biscayne Florida, 1981.

Traganza, E.D. Satellite and Synoptic Studies of Chemical Fronts in the
California Current and Coastal Upwelling Zone, NRL, Washington, D.C.,
1981.

Traganza, E.D. CZCS Imagery and Chemical Fronts in the California Current;
NASA-AMES, Mof fett Field, California, 1982.

Traganza, £E.D. Chemical Fronts: Remote Analysis Fram Satellites; in
sympos ium “Oceanographic Advances fran New Technologies"; International
Association for the Physical Sciences of the Ocean of the International
Union of Geodesy and Geophysics, Hamburg, Germany, 1983,

Traganza, E.D. Chemical Fronts: Relation to Phytoplankton Biomass and
Productivity; Marine Plankton and Productivity Symposium, European
Society for Comparative Physiology and Biochemistry, Sth Conference and
General Assembly; Taommina, Sicily, 1983.

Traganza, E.D. Chemical Fronts: NORDA workshop on "Chemical Varialbility in
Ocean Frontal Areas”, NSTL Station MS, 1983.
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