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Spring Phytoplankton Production
in the Western Ross Sea

Kevin R. Arrigo* and Charles R. McClain

Coastal zone color scanner (CZCS) imagery of the western Ross Sea revealed the pres-
ence of an intense phytoplankton bloom covering >106,000 square kilometers in early
December 1978. This bloom developed inside the Ross Sea polynya, within 2 weeks of
initial polynya formation in late November. Primary productivity calculated from December
imagery (3.9 grams of carbon per square meter per day) was up to four times the values
measured during in situ studies in mid-January to February 1979. Inclusion of this early
season production yields a spring-to-summer estimate of 141 to 171 grams of carbon per

square meter, three to four times the values previously reported for the western Ross Sea.

In the western Ross Sea (Fig. 1), a large
polynya forms north of the Ross Ice Shelf in
late spring. The availability of light and
nutrients within this polynya favors algal
growth, and blooms of phytoplankton (pig-
ment >1 mg m™>) have been observed
there in mid-January and later (1-6). In
situ oceanographic data rarely have been
collected in the Ross Sea before this time of
year because heavy sea ice cover prevents
ship access to the polynya during austral
spring (October through December). In this
report, we use data from the CZCS and the
scanning multi-channel microwave radiom-
eter (SMMR) to evaluate distributions of
algal pigments and sea ice in the western
Ross Sea and the Ross Sea polynya.

We processed a time series of six CZCS
images (see the legend of Fig. 2) of phyto-
plankton pigment and sea ice distribution
(using the 750-nm channel) within the
western Ross Sea (Table 1), which were
obtained during the austral spring and sum-
mer of 1978-79 between 10 December and
19 February. Lower resolution (30-km) im-
ages of sea ice cover from the SMMR also
were processed (7) for the Southern Ocean
for 1978-79. The Ross Sea polynya was first
visible in SMMR imagery on 25 November
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1978 and continued to increase in size until
6 January 1979 when it became contiguous
with the rest of the Ross Sea.

The earliest springtime CZCS image (10
December) revealed the presence of an in-
tense phytoplankton bloom located south
of 75°S. Pigment concentrations estimated
at 10 to 40 mg m™> covered an area of

~106,000 km? (Fig. 2A). By 23 December,
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receded westward and a dense phytoplank-
ton bloom had developed near the retreat-
ing ice edge between 73° and 75°S, increas-
ing the size of the high-pigment (=10 mg
m™~?) region to >126,000 km? (Fig. 2B).

The CZCS image for 5 January (Fig.
2C), although contaminated by clouds, re-
vealed that the area of high pigments had
diminished substantially and that the phy-
toplankton bloom was in a state of decline.
By 16 January, pigment concentrations over
much of the region had dropped to 0.2 to
2.0 mg m~> (Fig. 2D). The most coherent
bloom was located in Terra Nova Bay
(75°S, 166°E), where pigment concentra-
tions =10 mg m™> covered an area of
>8000 km?. Patches of enhanced pigments
(1.0 to 12 mg m™>) were also apparent
south of 76°S. The 25 January image (Fig.
2E) was similar to that of 16 January, except
that the bloom in Terra Nova Bay was more
extensive (~16,000 km?).

By 19 February, the phytoplankton
bloom in the western Ross Sea had declined
further, both in area and in pigment con-
centration (Fig. 2F). Pigments over most of
the western Ross Sea were reduced to <1
mg m~>. Only near the western coast and
along the Ross Ice Shelf were pigment con-
centrations greater than 2 mg m™>.

The distribution and magnitude of pig-
ments shown in images from 16 January and
later agree well with the results of field
studies undertaken at the same time of year
(4-6). Like the CZCS studies, these studies
observed waters with low chlorophyll a con-
tent north of 75°S and pigment concentra-
tions ranging from 2 to 7 mg m™> southward
to the Ross Ice Shelf. This agreement, along
with results from validation studies of
CZCS for the Southern Ocean (8), strongly

imply that our estimates of pigment con-

the western margin of annual sea ice had  centration in the Ross Sea are reliable.

Table 1. Seasonal change in CZCS-derived pigment concentration and primary production in the
western Ross Sea. Primary production was calculated for each valid pixel according to the regression
model of Eppley et al. (12) and averaged for the full scenes shown in Fig. 2. This model is based on an
empirical relation between the mean pigment concentration in the top optical depth and the rate of
primary production in situ. It does not require knowledge of the euphotic or mixed layer depth. Rates of
primary productivity calculated by this regression, which includes data from the Arctic Ocean and the
Southern Ocean, show good agreement with in situ rates of primary production in the western Ross Sea.
For example, in situ studies of waters containing 1.5 to 8.2 mg of chlorophyll a per cubic meter measured
an average primary productivity rate of 1.4 g of carbon per square meter per day, with values approaching
2 g of carbon per square meter per day (5). At similar pigment concentrations, the method of Eppley et
al. (12) yields a production rate of 1.2 to 2.8 g of carbon per square meter per day.

Date Mean pigment Cl%t:)?élfsree Pi:gsmilo Mean production
-3 -2 -1
(mg m~2 + SD) (%) (%) (@Cm=2day ' = SD)

10 Dec. 1978 22,6 = 19.3 75.9 61.0 3.90 £ 2.72
25 Dec. 1978 127 £ 171 66.5 36.7 2.54 + 2.50
5 Jan. 1979 12.5 + 16.0 34.2 40.4 2.66 = 2.34
16 Jan. 1979 1.65 + 3.24 84.7 1.14 0.99 + 0.82
25 Jan. 1979 3.57 +7.45 82.1 12.2 1.32 +1.35
19 Feb. 1979 407 = 11.0 46.1 10.5 119 + 1.68
Spring-summer production (10 Dec. to 19 Feb.) 141 gCm=2
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The development of an intense phyto-
plankton bloom by early December may be
the typical pattern for the western Ross Sea.
In December 1977, a bloom of Phaeocystis sp.
extended for 620 km along the Ross Ice
Shelf and for 185 km seaward, although con-
centrations of chlorophyll a were lower (1
mg m™3) than in 1978 (I1). CZCS images
from December 1981, the only other year for
which CZCS data are available for this re-
gion in spring, exhibit pigment patterns
strikingly similar to those from 1978. More-
over, blooms of Phaeocystis sp. are regularly
advected into McMurdo Sound in December
(9). On the basis of CZCS pigment fields
and reported patterns of ocean circulation
(10, 11), phytoplankton blooms advected
into McMurdo Sound most likely originated
in the western Ross Sea in early December.

Rates of primary production calculated

(12) from the CZCS pigment concentrations
were highest for 10 December and averaged
3.9 g of carbon per square meter per day
(Table 1). Primary productivity declined
steadily thereafter, to <1 gm™2day ! by 16
January and remained relatively constant
through 19 February. Integrated primary pro-
duction between 10 December and 19 Feb-
ruary was 141 g m™2, more than 70% of
which occurred before mid-January. This
value is considerably higher than the 16 g
m~% year™! (13) and 50 g m~? year™! (14)
estimated for the open and ice edge zones of
the Southern Ocean, respectively, and more
than three times the earlier estimate of 45.6
g m~% year™! for the Ross Sea (15).

The disparity between our seasonal pro-
duction estimate and previous reports for
the Ross Sea is easily understood when we
consider that early estimates of production
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were based on field measurements made
after mid-January, when the bloom may
have been in decline. We estimate that
primary productivity on 16 January was
only 25% of the peak rate, which occurred
at least 30 days earlier. Moreover, our value
of 141 g m~% may underestimate the spring-
summer primary production because it does
not include the carbon fixed between 25
November, the date the polynya was first
observed by SMMR, and 10 December, the
date of the earliest CZCS composite. As-
suming, conservatively, that pigments in-
creased exponentially from a winter mini-
mum of 0.05 mg m™> in late November to
~10 mg m~> observed on 10 December
(Fig. 2A), we calculate that an additional
30 g m™? would have been fixed, bringing
the total spring-summer phytoplankton
production to 171 g m™2.

176°E 179°W

176°E 179°W

Ross Ice Shelf

Fig. 1 (left). Detail map of the western Ross Sea showing the
permanent (Victoria Land coast, Ross Island) and semiperma-
nent (Ross Ice Shelf, Drygalski ice tongue) features that mark the
southern and western boundaries of the study area. Fig. 2
(right). Composited CZCS images of sea ice distribution and
pigment abundance for (A) 10 December 1978, (B) 23 Decem-
ber 1978, (C) 5 January 1979, (D) 16 January 1979, (E) 25
January 1979, and (F) 19 February 1979. Clouds have been
removed so that they are not confused with sea ice, shown here
as gray features located north and east of the western Ross Sea
boundaries (see Fig. 1). We processed the images with SEAPAK
software (16), using recently improved cloud and sea ice masks
(77). The sensor overshoot mask was applied according to (78).
We computed pigment concentrations using the standard
CZCS algorithm (79) but with coefficients determined specifical-
ly for the Southern Ocean (8, 20).
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The CZCS data demonstrate that phyto-
plankton in the western Ross Sea can bloom
early, with great intensity, and persist for a
long time under conditions that produce and
sustain the Ross Sea polynya. Estimates of
annual productivity in the western Ross Sea
should be revised upward; hence, the relative
importance of this region as a CO, sink may
be greater than previously recognized. It is
unfortunate that the CZCS did not provide
imagery of the 1978-79 spring phytoplank-
ton bloom earlier than 10 December so that
early bloom dynamics could have been mon-
itored. Future satellite ocean color missions,
such as the sea-viewing wide field-of-view
sensor (SeaW/iFS) and the moderate-resolu-
tion imaging spectrometer (MODIS), should
alleviate this problem by providing data at
much finer temporal resolution.
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Coupled Land-Ocean-Atmosphere Processes and
South Asian Monsoon Variability

Gerald A. Meehl

Results from a global coupled ocean-atmosphere climate model and a model with spec-
ified tropical convective heating anomalies show that the South Asian monsoon was an
active part of the tropical biennial oscillation (TBO). Convective heating anomalies over
Africa and the western Pacific Ocean associated with the TBO altered the simulated
pattern of atmospheric circulation for the Northern Hemisphere winter mid-latitude over
Asia. This alteration in the mid-latitude circulation maintained temperature anomalies over
South Asia through winter and helped set up the land-sea temperature contrast for
subsequent monsoon development. South Asian snow cover contributed to monsoon
strength but was symptomatic of the larger scale alteration in the mid-latitude atmo-

spheric circulation pattern.

Coupled climate interactions between the
ocean and atmosphere contribute to a
mechanism that produces biennial variabil-
ity (TBO) in the troposphere and upper
ocean in the tropical Indian and Pacific
ocean regions (I, 2). The notion of such
coupling has been central to studies of tro-
pospheric biennial oscillations (3), and sev-
eral researchers have linked the biennial
component of variability to El Nifio-South-
ern Oscillation (ENSQO) (4-7). The TBO is
associated with modulations of the seasonal
cycle, with maxima in the TBO manifested
as warm (El Nifio) and cold (La Nifia) ex-
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tremes in the tropical Pacific, modulations
that have connections to the Indian mon-
soon (I). A biennial component of tropo-
spheric variability is seen in the tropical
Pacific and Indian regions in sea-surface
temperature (SST) and surface wind (8-
12), and in the western Pacific, in ocean
dynamics (13-15). A possible association
between the stratospheric quasi-biennial os-
cillation (QBO) of zonal wind and interan-
nual variability in the tropical troposphere
has also been suggested (16, 17). The focus
of this report is the extent to which the
South Asian monsoon is involved as an
active or passive participant in the TBO
(and, by extension, ENSO) and the mech-

anisms by which this interaction occurs.
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The land-sea temperature contrast is the
basic forcing of the South Asian monsoon
(of which the Indian monsoon is an integral
part) (18). More accurately, there is a me-
ridional temperature gradient extending
from the tropical Indian Ocean north to the
Asian land mass that develops through a
considerable depth of the troposphere be-
cause South Asia heats more quickly than
does the Indian Ocean in spring. Heated air
over land rises and draws moist, low-level
maritime air inland, where convection and
heavy precipitation occur during northern
summer to fuel the monsoon circulation
further. Such land-sea temperature con-
trasts are important in other tropical rain-
fall regimes (19) as well as for the simula-
tion of monsoon rainfall in various general
circulation models (GCMs) (20) and in
paleoclimate studies (21). Consequently,
the South Asian monsoon could be actively
involved in the TBO and ENSO through
modulations of temperature contrast be-
tween South Asian land areas and the In-
dian Ocean.

Links between the South Asian monsoon
and the Southern Oscillation have also been
shown to have a biennial tendency (22-25).
Additionally, snow cover may alter land-
surface temperature and subsequent mon-
soon strength, as suggested in the late 1800s
(26). Years with enhanced winter and spring
snow cover over South Asia tend to have
below-normal monsoon rainfall (27-30).
Consequently, tropical-mid-latitude inter-
action has also been proposed as playing
some role in monsoon evolution (24).

The National Center for Atmospheric
Research’s (NCAR’s) coarse-grid, global
coupled ocean-atmosphere GCM (31) was
used to study the processes postulated
above. This type of model is a useful tool for
elucidating basic processes in the coupled
climate system. It can represent aspects of
the observed large-scale mean climate (31),
climate variability compared to satellite ob-
servations (32), and some elements of
ENSO-related variability (33). Because
there are no correction terms used to force
the coupled model to the observed state,
the model-simulated 'SSTs in the tropics
tend to be too cool, thus enhancing land-
sea temperature contrast in the monsoon
region. Yet, the pattern of mean monsoon
seasonal precipitation and the variability of
the simulated South Asian monsoon has
been shown to be comparable to the ob-
served pattern (34).

The atmospheric model had an approx-
imate horizontal resolution of 4.5° latitude
and 7.5° longitude with nine vertical levels.
Soil moisture was parameterized by a simple
reservoir formulation, and clouds, precipita-
tion, snowfall, and resulting snow cover
were computed. The global dynamical
ocean model had a resolution of 5° by 5°
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