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Objective analysis of the upwelling ecosystem
off Baja California

by Dong-Ping Wang' and John J. Walsh?

ABSTRACT

The method of empirical orthogonal function (EOF) analysis is applied to nutrient data of
hydrostations and surface maps to study the temporal and spatial structures of the major
processes in the upwelling ecosystem off Baja California, during the 1972 MESCAL 1 experi-
ment. It is demonstrated that the EOF analysis leads to a meaningful separation of the uptake
process from the dominant conservative processes. In the interior, the upwelling ecosystem was
characterized by isentropic flow and the uptake of phosphate and nitrate by the downward
migrating dinoflagellates. At the surface, while the general background showed alongshore
quasi-steady band structures, there appeared distinct, temporally variable patches of upwelled
water. Evidence suggests that the transition from “new” patches of high nutrient but low
fluorescence concentrations to “old” patches of low nutrient but high fluorescence concentra-
tions is induced mainly by the local decay of upwelling circulation.

1. Introduction

Most frequently observed along the west coasts of continents in the mid- and
tropical latitudes, coastal upwelling is generally characterized by the appearance of
shoreward, upsloping isopycnals in the interior and a narrow band of relatively
cold water at the surface. This “anomalous” horizontal density distribution is be-
lieved to be induced by the upward (and shoreward) interior flow necessary to
compensate for the loss of offshore surface Ekman transport driven by the pre-
vailing equatorward wind. The biological effect of this upward water movement is
to bring the rich nutrients from the interior into the euphotic surface layer where
photosynthesis can take place as the nutrients become available to phytoplankton.
Consequently, coastal upwelling areas are generally associated with high primary
productivity and high fish yields. It is estimated that one-half of the ocean’s fish
catches are obtained in the coastal upwelling areas which comprise only 0.1% of
the world ocean’s surface area (Cushing, 1969)
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An upwelling ecosystem model was constructed (Walsh, 1975) to simulate the
complex interactions among nutrient supply (upward water movement), dispersion
(water mixing and offshore water drift), consumption (uptake), and internal re-
generation (herbivore excretion). Also included in this model are the effects of the
diel cycle of photosynthesis, the self-shading by phytoplankton of light penetration,
and the diel migration, and the grazing stress of the herbivores. Although it is ad-
mittedly crude, Walsh’s model does seem able to incorporate both the important
physical and biological processes in the upwelling ecosystem, and it agrees reason-
ably well with some of the independent observations taken along a drogue track.
On the other hand, to compare the model’s results with the drogue track stations,
an assumption has to be made on the nature of the water circulation; i.e., a steady
state, 2-dimensional (axis along the direction of surface flow) x-z circulation pattern
is implied. Otherwise, either temporal or horizontal spatial variations will make
interpretation of the data rather difficult.

However, neither the steady state nor the 2-dimensional circulation pattern is
likely to be generally a valid assumption for the upwelling ecosystem. “Patches”
or “plumes” of the surface nutrient and chlorophyll a concentrations are common
features of the upwelling ecosystem (Walsh, 1972). Wind and current oscilla-
tions on the time scale of the nutrient uptake process (several days) are the char-
acteristic features of the coastal spectrum (Smith, 1974). Hence, both the horizontal
spatial and the temporal variations of the physical environment should not be over-
looked if the steady state assumption is unrealistic.

In addition to influencing the nutrient supply and dispersion rate, the variable
physical environment may have other strong, but subtle, impacts on the biological
processes. For example, under a steady state condition of constant yield, the growth
rate of phytoplankton is a constant fraction of the nutrient uptake rate, which is a
function of the in situ (equilibrium) nutrient concentration (Dugdale, 1967). This
simple relationship (modeled with the Michaelis-Menton formula) between the
phytoplankton uptake rate and the in situ nutrient concentration can not be used to
account for the uptake process in a transient state (Dugdale, 1975); it has been
suggested that instead of depending on the in situ nutrient concentration, the growth
rate of phytoplankton depends mainly on the “internal” nutrient pool during the
transient stage (e.g., Caperon and Meyer, 1972; Grenney, Bella, and Curl, 1973).

To resolve the uncertainty about whether the steady state or the transient state
is a better representation of the upwelling ecosystem, it is necessary to examine
the structures of the horizontal spatial and temporal variations of the upwelling
ecosystem from the least biased field observations. The use of an auto-analyzer,
fluorometer, and a shipboard computer system (e.g., Walsh, Kelley, Dugdale, and
Frost, 1971) provides daily quasi-synoptic maps of the surface temperature, chloro-
phyll fluorescence, and nutrient distributions, while an offshore hydro-station
transect provides daily interior density and nutrient distributions in a relatively
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limited area. Although lacking the temporal resolution necessary for the study of
diel variations of biological and physical processes (which may partly be compen-
sated by anchor station time series measurements), the surface maps and the hydro-
station transects are by far the richest chemical and biological data sets for the
upwelling ecosystem.

To analyze these massive amounts of data, an objective method of analysis, for
both efficiency (the analysis method is computer oriented) and minimal ambiguity
(all data are processed under the same “rules”), is desired. In this study, we offer
the hypothesis that effects of conservative and nonconservative processes are spa-
tially uncorrelated (section 2), which enables us to apply empirical orthogonal
function analysis to separate contributions of nonconservative processes from the
observed spatial nutrient and chlorophyll a distributions (section 3, section 4).
Whether this separation (or the analysis method) is meaningful or not is determined
with some independent biological measurements which were aimed at a more
thorough study of nonconservative processes, but with limited spatial and temporal
information. Finally, the implication of results from this analysis on the time de-
pendence of the upwelling ecosystem is discussed with suggestions for improvement
of the ecosystem model (section 5).

2. Empirical orthogonal function analysis

The difficulty in the study of nonconservative processes in the ocean comes
mainly from the fact that the observed state variable (e.g., nutrients, chlorophyll a)
distributions are also affected by conservative processes which are independent of
the biological activity. In other words, as long as the influence of conservative
processes is not negligible, the conventional multivariate regression analyses for
the study of nonconservative processes among various state variables are likely to
be hazardous (Walsh, 1971). Hence, a more careful analysis which enables the
separation of nonconservative contributions from the observed state variable dis-
tributions is needed.

The method of empirical orthogonal function (EOF) analysis,* originated for
statistical weather forecasting (Lorenz, 1956), was applied to the study of vertical
structures of atmospheric disturbances (“modes™) coherent over a large spatial net-
work (Holmstrom, 1963). The major disturbances can be isolated from the general
background by utilizing the property that their influences are systematic over most
of the observation stations. Furthermore, by assuming that different types of dis-
turbances are spatially uncorrelated, the observed spatial weather variability usually
can be explained in terms of a set of normal “modes” (each mode corresponds to
one type of disturbance), which may represent the effects of separable physical

* The EOF analysis is known as principal component analysis in statistics (Cooley and Lohnes,

1971). However, the approach we adopted here follows closely the spirit of EOF analysis as pioneered
by Lorenz (1956) in meteorology.
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processes. Analogously, by hypothesizing that the spatial “patterns” of different
processes are uncorrelated over a sufficiently large area, the major patterns (“nor-
mal modes™) of spatial state variable distributions can be separated from the gen-
eral background and may represent the effects of different conservative and non-
conservative processes.

More precisely, if {u;(x,y), i = 1, N} is a set of spatial distribution of N dif-
ferent state variables, each state variable distribution can be decomposed into a set
of normal modes (patterns), {z;,(x,y), j =1, N}

we) = 3 eyz(en), G.1=1,N) )

such that <z;(x,y) z;(x,y)> = 0 if i == j and where < > is the ensemble average
over all spatial observations [for the convenience of the correlation calculation, the
{ui(x,y)} are normalized representations of the spatial series; i.e., the original data
sets are adjusted to zero mean value and unit variance—no log transformation of
the original data has been made (Walsh, 1971)].

The matrix {e;;, (i, j = 1, N)} is formed by the i-th element of the j-th eigen-
vector of the correlation matrix U;; = <u;(x,y) u;(x,y)>,

SxUireem = An€im 2

where \,, is the eigenvalue of the m-th eigenvector (for convenience, the index of
the eigenvector is ordered so that the corresponding eigenvalues are ordered in de-
creasing magnitude: A; > A, ... > Ay).

Several properties of the EOF analysis can be derived (Wallace and Dickinson,
1972):

a. The spatial distribution of each state variable can be decomposed into a set of
normal modes (Eq. 1) which may be related to the conservative and non-
conservative processes.

b. The variance explained by each normal mode is equal to the corresponding
eigenvalue,

<z:(x,y) zi(x,y)> =\, 3)

Since the {A;} are ordered in descending order, the significance of each mode’s
contribution to the total variance (of spatial variations) is diminishing with
higher mode number. Consequently, only the leading several modes are rele-
vant to the conservative and nonconservative processes; and the “noise” (de-
fined as the nonsystematic variations with respect to the state variables’ net-
work) of the system can be identified with the higher modes.
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Figure 2. Temporal variations of density sur-
Figure 1. Hydro-station locations for MESCAL face (solid line: March 14; dotted line:
I (only transect stations are shown). March 19).

c. The “projection” of the i-th state variable on the j-th normal mode, which
measures the significance of the contribution to j-th mode by the i-th state
variable, is

<Ll,‘(x,y) Zi(x)y)>2
<z;*(x,y)>

= Ajeijg (4)

Hence, for each mode (or process), only those state variables with projections
significantly different from zero are influenced and interrelated by this same
process.

In summary, with the EOF analysis, we are not only able to isolate each signifi-
cant process governing the spatial distributions of state variables (properties A and
B), but we are are also able to ‘identify”” each process from the interrelationships
among relevant state variables of the corresponding normal mode (property C).

3. Analysis of the interior field

During the two-week (March 1972) MESCAL I cruise off Baja California
(Fig.1), the upwelling ecosystem was in a spin-up phase (Walsh, et al., 1974).
Temporal variations of the internal density field are shown in Fig. 2 for two re-
peated onshore transects taken five days apart. The strengthening of the upwelling
between the two transects is clearly reflected in the characteristic upward move-
ments of constant density surfaces.

Because of the temporally variable physical environment, the interpretation of
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the observed change of state variables at a fixed depth becomes considerably more
difficult. The “apparent” nutrient change associated with the physical process, in
the case of strong temporal variability, may overwhelmingly dominate the change
due to the nonconservative process. For example, at the upwelling front off Oregon,
where there are large spatial gradients of state variables, an apparent nitrate change
of 10ugat/l within six hours was observed (Kelley, 1975) as a result of the hori-
zontal (and/or vertical) excursion of a constant nitrate surface moving with the
semidiurnal tidal oscillation.

The problem of this temporal “aliasing” of the change of nutrient concentration
could be resolved if water (and hence, all the nutrients) is advected along a con-
stant density surface. In such a case of “isentropic flow,” and if the effects of tur-
bulent mixing are negligible, the concentration of a conservative element is constant
along the isentropic surface. In other
words, there is a well-defined func-
tional relationship between density and
the conservative element, which allows
for the transformation of spatial state
050l i | variable distributions into the “density
coordinate” to eliminate the apparent
concentration change due to the move-
ment of constant density surfaces.

3 Among the various nutrients in the
2551 e | 1972 water column off Baja California,
: silicate was the conservative element
eels because it is apparently not utilized by
) the dinoflagellate Gonyaulax polyedra,
- which was the dominant phytoplankton
26.0F - ] species during the period of observa-
tion (Walsh, et al., 1974). Hence, sili-
cate should be highly correlated with
the density if the isentropic flow hy-
pothesis is a sensible assumption. This

Si0g
0.6 2.7 248 369

T T

SIGMA-T

26.5 L . is indeed the case as is demonstrated
Figure 3. Silicate concentrations vs. sigma-t for by the striking linear relationship (Fig.
all hydro-stations. 3) between silicate and density from all

data taken along the transect during

the whole cruise. Consequently, the isentropic flow, which has been suggested for

the upwelling circulation pattern (e.g., Mooers, et al., 1976), is the dominant cir-
culation feature in this system.

While the scatter around the linear dependence between silicate and density may

be merely the random measurement error (Fig. 3), a systematic discrepancy from the
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linear dependence between density and
the nonconservative elements, on the
other hand, could be an indication of
the effects of nonconservative proc-
esses. For example, nitrate was taken
up by the phytoplankton; and its rela-
tion with the density (Fig. 4) clearly
shows a nitrate-deficit in the lighter
density regions (inshore and upper re-
gions) where uptake is likely to occur.
To make quantitative separation be-
tween the advective process and the
uptake process, it is instructive to ex-
amine the “appropriate” density range
first. For example, during a 1974 study
of upwelling off Northwest Africa, an
r2 of 0.90 was observed for density and
nitrate at all depths (127 observations)
of a 36-hour anchor station study in
700 m of water, in contrast to 0.40 for
all station data (426 observations)
taken on the shelf. In the upper mixed
layer off Baja California, where the
isentropic hypothesis is not satisfied,

Wang & Walsh: Analysis of the upwelling ecosystem
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Figure 4. Nitrate concentrations vs. sigma-t for

hydro-stations in the density band (25.0-26.0).

the hydro-station data (¢; < 25.0) are discarded for the isentropic analysis. At the
off-shore stations, there exist density surfaces at depth which do not enter the in-
shore region. Hence, the hydro-station data for ¢; > 26.0 are also excluded from
the analysis to avoid the possible bias by these stations. The remaining eighty
hydro-cast samples spanning the 2-week period of MESCAL I are then used to
compute the correlation matrix among density, temperature, phosphate, nitrate,

and silicate (Table 1).

The very high correlation (> 0.94) between density and individual nutrients re-

Table 1. Correlation matrix among major state variables in the interior field.

ot PO, SiO, NO; T
o, 1.0
PO, 0.96 1.0
SiO, 0.95 0.93 1.0
NOs 0.94 0.99 0.91 1.0
T —0.90 —0.78 —0.82 —0.77 1.0
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flects the dominance of the advective process on the nutrient distribution. Also, the
exceedingly high correlation (0.99) between phosphate and nitrate suggests that
both state variables experienced, in addition to the advective process, the same
nonconservative process.

Two alternative approaches are adopted for the analysis of advective and non-

conservative processes:

a. From the suggestion that the “advective mode” (spatial pattern of state vari-
able driven by the advective processes) can be identified with the density dis-
tribution, a linear least-squares-fit is applied to the temperature and nutrient
fields to remove the contribution of the advective mode. The residual dis-
tributions of state variables are then further examined with the EOF analysis
to extract the important nonconservative processes which may be partly
masked by the background noise (property B of the EOF analysis) Results
are summarized in the following:

(1) The first mode (the advective mode), which has the same pattern as the
density distribution, contributes 77% of the total variance.

(ii) The second mode, which contributes 14.5% of the total variance, re-
flects the covariations of nitrate, phosphate, and temperature, and is in-
dependent of the silicate (from the criterion for property c of the EOF
analysis). Furthermore, all three major components show a positive cor-
relation; i.e., the decrease of nitrate is accompanied by the decrease of
phosphate and temperature.

(iii) The third mode, which contributes 5.6% of the total variance, only
shows the variation of silicate. Since there is no correlation with other
state variables, the third mode could either be the silicate measurement
error, or it could reflect the nonbiological processes (e.g., a sediment
transport process).

b. A direct application of the EOF analysis to the original spatial distribution of
the state variables also results in three normal modes which contribute more
than 99% of the total variance (Table 2). The notations used in Table 2 (and
all the subsequent, similar tables) need some explanation.

(i) The first column indicates the mode number; i.e., {zi(x,y), i = 1, 3} de-
notes the first three modes.
(i) The second column indicates the percentage contributions from each

. . 5
mode to the total variance, per cent variance = \;/ 3, \;, for z;(x,y).
i=1

(iii) The matrix elements in the third box are the structure factors of each
mode; for example, in Table 2 z,(x,y) = 0.46 o, + 0.46 PO, + 0.45
SiO; + 0.45 NO, — 0.42 T, where o¢, PO,, etc., were the spatial distribu-
tions measured and normalized.
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Table 2. Structures of the three leading eigenmodes from interior data.

Total Modal Amplitude (percent variance in mode)
Mode Variance o, PO, SiO, NO, T
1 91.8 0.46 0.46 0.45 0.45 —0.42
(99.0) (95.6) 93.2) (93.3) (79.6)
2 5.8 —0.09 0.35 0.09 0.40 0.83
(—— 4.0) —) (4.6) (20.0)
3 1.8 0.0 —0.21 0.85 —0.43 0.0
—) (— (6.5) (L.7) )

(iv) Numbers in the bracket underneath the structure factors are the “projec-
tions” (section 2) of each state variable on the corresponding mode; for
example, in Table 2 <z;(x,y) o: (x,y)>2/<z.2(x,y)> * <o (x,y)> = 0.99.

It is rather encouraging to notice that there is no practical difference between
results obtained from the direct EOF analysis and those from the isentropic analysis.
The first mode consistently shows the advective process which can be deduced from
the fact that all the density variation occurs in the first mode (Table 2). The second
mode, which is independent of the two conservative elements (density and silicate),
clearly reflects the expected uptake process of phosphate and nitrate. The accom-
panying decrease of temperature (or increase of salinity) could be the result of
entrainment of cold water from below as water moves inshore along the isentropic
surface.

The spatial structures of the first and second modes from one transect (which
occupied five stations) are shown in Fig. 5 (in this particular case, results are almost
identical from either approach). The second mode shows clearly the nitrate (or
phosphate) uptake in the inshore upper 30 meters as reflected by the existence of
a large concentration gradient along the isopycnal surface. With an estimated 3 cm/

TRANSECT STATIONS
c ¥ 2‘8 2:7 A

MIXED LAYER

90

Figure 5. The spatial structures of the first and second normal modes (solid line: first mode;
dotted line: second mode).
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Table 3. Correlation matrix among major state variables of surface field.

SiO, PO, NO; fluor T
SiO. 1.0
PO, 0.89 1.0
NOs 0.73 0.77 1.0
fluor 0.80 0.70 0.45 1.0
L —0.77 —0.55 —0.46 —0.75 1.0

sec onshore flow (corresponding to approximately 10—2 cm/sec vertical velocity),
the nitrate uptake rate is about 2 ugat NO, [—* day—* in the long term mean (in a
quasi-steady state), which agrees quite well with the averaged direct nitrate uptake
rate measurements (Walsh, et al., 1974). Also, nitrate uptake occurred mainly in
the interior of the newly upwelled water, as opposed to the typical uptake process
which is confined to the upper photosynthetic layer. This feature is also consistent
with earlier observations (Epply, et al., 1968) that dinoflagellates migrate down
into the nutrient-rich water to take up nitrate. The significance of this rather unique
uptake behavior on the ecosystem will be discussed in the final section.

4. Analysis of the surface field

Surface nutrients, chlorophyll fluorescence, and temperature distributions were
mapped extensively over a 20 X 35 nm rectangular area during the entire period of
the MESCAL I cruise. This is by far the richest set of marine ecological data which
provides a detailed synoptic view of surface state variable distributions, and is most
useful for the study of both the spatial and temporal variations of the upwelling
ecosystem.

Six sets of surface maps spanning a nine-day period (March 11-March 19) were
employed in this analysis. For each set of surface maps, nutrients (silicate, nitrate,
and phosphate) and fluorescence distributions are decomposed into normal modes
with the EOF analysis. Temperature is not included as an additional variable be-
cause the rather diffuse surface temperature structure was relatively noisy compared
to other state variables, which had sharp boundaries.

The correlation matrix among silicate, phosphate, nitrate, fluorescence and tem-
perature is shown in Table 3 for one set of surface maps. (The statistical properties
are very similar among all sets of maps.) A striking difference between the statistical
properties in the interior and the surface fields is that the latter lacks the high cor-
relation between phosphate and nitrate; the coefficient of determination (r%) for
these variables was 0.98 within the interior in contrast to 0.59 at the surface. This
distinct difference between the surface and interior fields may be interpreted as
either nitrogen limitation and/or faster remineralization of phosphorus in the sur-
face waters.
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The EOF analysis applied to each
set of surface nutrients and fluorescence
maps effectively explains the original
state variable variations with two nor-
mal modes. (For each case, in general,
more than 90% of the total variance
can be explained by the first two
modes, Table 4.) The first mode, which
shows a positive correlation among all
state variables (Table 5), clearly reflects
the conservative physical processes (ad-
vection and mixing). In other words,
the general background of the surface
field is the result of the advection and
mixing (diffusion) of the “upwelled
water” with high nutrients and high
fluorescence concentrations. The spatial
structure of the first mode (Fig. 6), in
general, is characterized by longshore
bands with concentration decreasing

Wang & Walsh: Analysis of the upwelling ecosystem 53

Figure 6. The spatial structures of the first and

second normal modes. The zig-zag line is the
ship track; the solid line is the first mode
structure; the slashed “patches” are the sec-
ond mode structures (fluorescence units for
chlorophyll).

offshore. This feature is consistent with

our conceptual upwelling circulation pattern which implies source water upwelled
in the inshore region and advected or diffused offshore. The longshore homogeneous
concentration distribution is also an expected result of the longshore current effect.
With all this supporting evidence, there seems to be little ambiguity in our inter-
pretation of the first mode as the conservative (physical) mode.

The second mode, as suggested by its independence of silicate (Table 5), is likely
to reflect certain nonconservative biological processes. This conjecture is further
strengthened by the negative correlation between nitrate and fluorescence in the
second mode, a feature one would naturally expect for the uptake process. In other
words, because of the conservation of nitrogen flow, an increase of the phytoplank-

Table 4. Variance of each state variable explained by the first two eigenmodes.

Date SiOq PO, NO; fluor
3-11* 94 97 98 98
3-11 91 87 88 94
3-13 94 91 95 95
3-14 96 96 99 97
3-16 87 87 100 96
3-19 93 93 99 90

* Day map.
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Table 5. Structures of two leading eigenmodes from surface field.

Total Modal Amplitude (percent variance in mode)
Mode Variance SiOs PO, NO; fluor
1 80 0.54 0.53 0.46 0.46
93) (90) (68) (68)
2 14 —0.11 0.12 0.69 —0.71
(€Y) 1) (27) (28)

ton biomass (which is positively related to the fluorescence concentration) should .
be accompanied by a decrease of the ambient nitrate concentration.

The spatial distribution of the second mode is shown in Fig. 6 with the super-
position of the first mode distribution as the general background. The “positive”
anomaly (nitrate concentration surplus and fluorescence concentration deficit) in
the high nitrate concentration background is the area (patch) with the highest nitrate
but relatively lower fluorescence con-
centrations. The “negative” anomaly
in the low nitrate concentration back-
ground is the area (patch) with relative-
ly lower nitrate but very high fluores-
cence concentrations. The patches of
water characterized by the “positive”
and “negative” anomalies are generally
thought to represent the ‘“new” and
“old” stages of upwelled water, with
the names “blue water” and “brown
water,” respectively (Strickland, Epp-
ley, and de Mendiola, 1969). Hence,
our suggestion that the second mode
reflects the influence of uptake process
is consistent with this concept of “new”
and “old” upwelled water.

So far, our analysis is limited to
showing that the EOF analysis indeed
makes a sensible separation of the con-
servative and the nonconservative proc-
Figure 7. Spatial and temporal distributions of csses tigughia detaﬂéd comparisoriet

ooy Bt hold” patebies (eolid Tine: hets re.sults from one particular set of data

patches; dotted line: “old” patches). The with the conceptual upwelling model.
nutrient and chlorophyll concentrations are OuUr approach with the EOF analysis,
shown in Fig. 8 for the corresponding patches. ~once its validity (hypothesis) has been
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1g I for nutrients and chlorophyll). Blank box: “old” patch; Dashed box: “new” patch.

verified, however, can be applied “objectively” (repeatedly in exactly the same
fashion) to all sets of data to generate a much more complete picture of the tem-
poral and spatial structures of an upwelling ecosystem. This advantage of the ob-
jective analysis makes it possible to seriously attempt to answer questions on the
evolution and the important governing processes of the upwelling ecosystem.

For example, while the distinct high nutrient concentrations in the “blue water”
may be good evidence for the “new” upwelled water, the suggestion that the “brown
water” is the “old” upwelled water can be confirmed only if the life history of the
patches of water can be documented. In Fig. 7, which is a composite picture of all
the “anomalies” during the nine-day period, the transition from the “blue water”
patch to the “brown water” patch is rather clearly shown. A different view, with
emphasis on the properties (silicate, nitrate, and fluorescence concentrations) of the
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Table 6. The characteristics and the nutrient consumption of each “isolated” patch.

Magnitude of Concentration (zgat I~ and ug 177

Date SiO. PO, NOs CHLa ANO; APO;
ANO,
3-11* 113 0.83 3.14 45 6.2 0.05
3-13 13.0 0.96 4.46 3.7 6.9 0.05
3-16F 9.2 0.6 0.46 5.0 6.1 0.06
3-16 12.0 0.75 4.0 4.5 6.1 0.07
3-19 14.5 1.1 8.4 3.0 5.0 0.06

¥ Data from day map.
1 An “old” but “isolated” patch.

patch, is shown in Fig. 8 by projecting the locations of patches on a diagonal line
crossing through the upwelling area (Fig. 7).

Two distinct features are apparent from Fig. 8:

a. The ecosystem is characterized by the occurrence of intermittent, active up-
welling patches. In other words, neither the horizontal spatial homogeneity
nor the quasi-steady state is a representative feature during this period of
observation.

b. By comparing each pair of “new” and “old” patches, the older always has
diminished nitrate and lower silicate but higher fluorescence concentrations.
Consequently, one may suspect that nitrate is the limiting nutrient in the
ecosystem.

The intermittent, localized active upwelling must be the effect of an upwelling
circulation which in general is highly variable in both space and time (Walsh, et al.,
1974). The transition from “new” patches to “old” patches is likely to be induced
by the shut-off of the nutrient supply from depth as a result of the decay of up-
welling circulation. This speculation is supported by the observation that the “old”
patch always has relatively lower silicate concentration, which must result from
the leveling of an isopycnal surface, because of the conservative property of silicate.
The effect of intermittent nutrient supply on the phytoplankton ecology could be
very complicated, as we have suggested in the Introduction (section 1).

Interpretation based only on the surface fluorescence concentrations is rather dif-
ficult because of the vertical migration of the dinoflagellates. Hence, qualitative
discussion of the phytoplankton ecology during a period of intensive physical vari-
ability is deferred to the last section. The quantitative results for the uptake of non-
conservative nutrients, however, can be obtained from a combined knowledge of
the surface and interior fields. In the interior (section 3), the nutrient supply is suf-
ficiently well described by the advective mode which assumes a fixed relationship
among density, silicate, nitrate, and phosphate. Because silicate was a conservative
element during MESCAL 1, and because it is reasonable to assume that the high
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silicate concentration in the “new” patch of water reflects the intersection of an
isopycnal surface (corresponding to the surface silicate concentration) with the sea
surface, we can estimate the “conservative” nitrate and phosphate concentrations
on the isopycnal surface. The difference between the surface nitrate (or phosphate)
and the “conservative” nitrate (or phosphate) concentration represents the total
nitrate (or phosphate) deficit due to the uptake process. It is remarkable that the
ratios of phosphate deficit to nitrate deficit (Table 6) for all “new” patches of water
agree consistently both with the 0.06 ratio estimated independently from the second
mode of interior field and with the classical N:P ratio of 15:1 for seawater (Red-
field, Ketchum, and Richards, 1963). This, in turn, supports our earlier suggestion
that the uptake occurs at depth (section 3), and that the surface nutrient distribu-
ion is merely an image of the interior process.

5. Discussion

Based on our EOF analysis of the density, nutrients, and fluorescence data from
interior hydrostations and surface maps, and bearing in mind the inherent non-
causal nature of any multivariate analysis, the following interpretation can be drawn
about the upwelling ecosystem during the 1972 period of the MESCAL I experi-
ment:

a. Quasi-steady “mean” state. In the interior, the ‘“classical” two-dimensional
circulation pattern with water flowing shoreward along the isopycnal surfaces
is consistent with the observation that the density distribution is highly cor-
related with nutrient distributions. As nutrients were advected onshore, the
bloom of Gonyaulax polyedra, the dominant phytoplankton species during the
experimental period, evidently migrated downward into the interior (upper
30 meters) to take up phosphate and nitrate in a ratio of ~ 0.06:1 with an
estimated uptake rate of = 2 pgat NO, 1-'day—*. At the surface, the state
variable distributions, in general, showed longshore band structures with con-
centrations decreasing offshore. This characteristic band structure could prob-
ably be the result of longshore advection (by the surface current) and offshore
diffusion of upwelled “source water” with high nutrients and chlorophyll a
concentrations. Estimation of the ‘“net” plant biomass production from the
surface fluorescence concentration is difficult, however, because of the un-
certainty introduced by the vertical migration of the dinoflagellates.

b. Horizontal “patchiness.” Strong temporal variability occurred mainly at the
several-day time scale which is most likely associated with the low-frequency
wind and current fluctuations. On this time scale, the upwelling “center” off
Punta San Hipolito appears to induce strong biological activity which results in
spatial translation of patches of water with characteristics distinct from their
environment. Two types of patchiness are noticeable: the “blue water” with
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high nutrient but low fluorescence concentrations, and the “brown water” with
low nutrient but high fluorescence concentrations. Evidence suggests that the
transition from the “blue water” to the “brown water” patches may be in-
duced by the decay of local upwelling circulation, or equivalently, by the shut-
off of nutrient supply; one might expect to observe a continuum between blue
and brown water, of course, if the anomaly can persist for one day or longer.
Also, the phytoplankton bloom during the transition period appeared to be
limited by the nitrate supply, as reflected from the observation that the “brown
water” always contained diminished nitrate.

Comparing these results with Walsh’s upwelling ecosystem model (Walsh, 1975),
the quasi-steady, 2-dimensional “mean” state is consistent with the theory; and
hence, the nutrients can be adequately modeled by specifying the appropriate cir-
culation pattern and uptake process. (The production of plant biomass, on the other
hand, has to be additionally estimated by assuming grazing and migratory patterns
of herbivores and/or phytoplankton; e.g., Fig. 8 of Walsh, et al., 1974.) The tran-
sient upwelling patches, however, showed a strong dependence on the variable
physical environment, a factor which has not thus far been considered in Walsh’s
model. The bloom of phytoplankton biomass after the apparent shut-off of nutrient
supply is in contradiction to the quasi-steady state theory which assumes an in-
stantaneous, balanced state between the nutrient uptake (proportional to the nutrient
supply) and the grazing loss. This contradiction may be resolved by the suggestion
of a time lag with the “internal” nitrogen pool playing a significant role in the up-
take process during the transient state; and, thus, no obvious functional relationship
between the uptake rate and the in sifu nutrient concentration. Consequently, a de-
terministic approach to modeling the uptake process during the transient state is not
adequate until this intermediate relationship can be more fully documented.

Finally, several comments can be made on the study of the upwelling ecosystem:

a. With an objective method of analysis (EOF analysis in this study), it becomes
possible to deal with massive amounts of surface and interior chemistry data
in order to obtain information on the spatial and temporal structures of the
upwelling ecosystem. Because of the redundancy of the hydrostation and sur-
face map measurements (both in spatial and in temporal variabilities), the in-
formation obtained from the objective analysis should be much more reliable
and representative of the upwelling ecosystem than that inferred from discrete
(and possibly biased) measurements. Therefore, theoretical work should be
oriented toward modeling the results from objective analysis of the hydro-
station and surface map measurements, with knowledge partly derived from
some independent, suitably designed biological measurements.

b. The quasi-steady, 2-dimensional model seems able to account for the gross
spatial structures of the upwelling ecosystem, which is mainly controlled by
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the physical processes. Existent theories, however, fail to explain the tem-
porally variable patches of active upwelling. An outstanding question yet to
be answered concerns whether patches are merely “anomalies,” whether they
play an indispensable role in the upwelling ecosystem, and whether they are
mainly of physical or biological origin (Walsh, 1976).

c. With combined efforts of the objective data analysis which could extract the
important information of biological processes from the dominant physical
processes, and the theoretical modeling which could single out controlling
mechanisms from otherwise complex ecosystems, it seems that the study of
“quantitative” biological oceanography (Riley, 1946) is feasible and promising.
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