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Popular Summary:

In this report, we describe results from the first 3 years of global SeaWiFS$ ocean
chlorophyll and land plant measurements. This time period covered the end of one of the
largest El Nino events in the past century and a strong La Nina. During this transition,
terrestrial plant photosynthesis exhibited only a small change, whereas a significant
increase in oceanic photosynthesis was observed. Latitudinal distributions of ocean
production indicated that this increase in photosynthesis during the La Nina was
distributed in the equatorial belt as well as in high production areas. The analysis also
illustrated the large ‘missing bloom’ in ocean phytoplankton in the southern ocean. While
land photosynthesis remained fairly steady during the third year of SeaWiFS
measurements, ocean phytoplankton production continued to increase, albeit at a lower
rate than from 1997 to 1999. Our results represent the first quantification of interannual
variability in global scale ocean productivity.

Significant Findings:
An increase in ocean production during the first 3 years of the SeaWiFS mission; a strong
hemispheric difference in the latitudinal distribution of ocean photosynthesis.
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Abstract: The Sea-viewing Wide Field-of-view Sensor (SeaWiFS) is the first remote sensing
instrument to provide multi-year, global monthly measurements of both oceanic phytoplankton
chlorophyll biomass (C,,,) and the Normalized Difference Vegetation Index (NDVI) of light
harvesting on land. Global mean C,, increased 8.6% per year between September 1997 and
December 1998, reflecting altered nutrient distributions during an El Niflo to La Niffa transition,
and then continued to increase at 2.2% per year from January 1999 to July 2000. Similar
increases in global mean NDVI were not observed. Biospheric net primary production (NPP) for
the 1997 to 2000 period increased 4.5% from 107.5 to 112.3 Pg C. Regionally, both land and
ocean NPP exhibited strong year-to-year variability related to changes in precipitation,

temperature, and ocean circulation.



Seasonal to decadal changes in the physical environment are manifested in the light
harvesting capacity of plant communities throughout the biosphere and can be monitored
remotely by changes in surface chlorophyll concentration (C,,,) in the oceans and the Normalized
Difference Vegetation Index (NDVI) on land. A continuous, 20 year global record of satellite
NDVI has permitted detection of interannual, climate-driven changes in terrestrial
photosynthesis (/-5). An analogous long-term global record of C,, does not exist.
Measurements of C,, were first made with the Coastal Zone Color Scanner (CZCS: 1978-1986),
but this proof-of-concept sensor only collected data on an irregular basis and yielded incomplete
global coverage of C,, even after integration over the entire 8 year mission. The launch of
SeaWiFS in 1997 marked the beginning of the first multi-year satellite measurements of
phytoplankton biomass in 11 years, and has since provided greater global coverage in C,, each .
month than was achieved throughout the lifetime of CZCS. SeaWiFS is also the first instrument
with the spectral coverage and dynamic range to allow measurements of both C,,, and NDVI.
Here we report spatial and temporal changes in C,,, NDVI, and derived rates of net primary
production (NPP) for the first 3 years of the SeaWiFS mission. Our results encompass a
transition from El Nifio to La Nifia conditions, represent the first description of interannual
variability in global phytoplankton biomass, and provide a basis for quantifying future responses
of the photosynthetic biosphere to climate variability.

Our analysis is based on global, 4 km-resolution, monthly SeaWiFS C,, and NDVI data
collected between September 1997 and July 2000. Stability of the sensor has been accurately
characterized from monthly lunar-based calibrations and derived products verified by

comparison with field measurements (6). Biospheric NPP was estimated following the approach



of Field et al. (7), which integrates the Vertically Generalized Production Model (VGPM) for
the oceans (8) with the Carnegie-Ames-Stanford Approach (CASA) for land (9). Variations in
NPP for the CASA-VGPM model arise from changes in three factors: 1) photosynthetically
active radiation (PAR), 2) the fraction of radiation absorbed by plants (related to C,,, and NDVI),
and 3) light use efficiencies (€). Coincident changes in these factors collectively control NPP.
Therefore, unlike previous calculations based on temporally disjunct C,,,, NDVI, and ancillary
fields (7), all data used in our current estimates of biospheric NPP were collected during the
SeaWiFS period (10). The CASA-VGPM model was operated at a monthly time step.
Throughout the 3 year SeaWiFS record, temporal variability in C,, was dominated by a
pronounced seasonal cycle (Fig. 1). Summer phytoplankton blooms in the northern hemisphere
exceeded those in the southern hemisphere, causing minima in global mean C, between
November and March and maxima between May and September (Fig. 1A). Monthly anomalies
clearly identified a secondary, interannual change in C,, superimposed on this prominent
seasonal pattern (Fig. 1A - right axis). Between September 1997 and December 1998, global
mean C_, increased at a rate of 8.6% per year in response to altered nutrient distributions
resulting from an El Nifio to La Nifia transition (//). Changes in C,, during this period were not
uniform nor restricted to the equatorial belt, but rather entailed a general decrease in the areal
extent of oligotrophic regions between 0.04 and 0.15 mgChl m™, an increase in mesotrophic
blooms between 0.15 to 0.30 mgChl m?, and a decrease in phytoplankton biomass in the central
ocean gyres. During the subsequent post-La Nifia period of January 1999 to July 2000, C,
continued to increase at the reduced rate of 2.2% per year, primarily reflecting net increases in

phytoplankton biomass in the Pacific and Indian oceans. Unfortunately, lack of comparable



historical C,, data forestalls deciphering whether this unprecedented increase represents true
decadal-scale change or normal interannual variability

Like the oceans, temporal changes in land NDVI were dominated by strong seasonal
fluctuations, with minima of 0.44 + 0.01 (dimensionless) between December and February and
maxima of 0.55 + 0.01 between Juné and September (Fig. 1B). Significant regional changes in
NDVI occurred throughout the SeaWiFS period, but increases in one region were compensated
by equivalent decreases in another, such that global mean NDVI anomalies indicated little
change even during the El Nifio to La Nifia transition (Fig. 1B - right axis). Over longer periods,
historical NDVI data indicate that interannual variations can reach 70% in semi-arid regions (4)
and up to 10% at high northern latitudes due to changes in the growing season (5). For the
SeaWiFS record, the striking difference in temporal anomalies of C,,, and NDVI (Fig. 1)
suggests an enhanced giobal-scale sensitivity of phytoplankton biomass to interannual variability
in environmental forcings.

Annual global NPP increased from 107.5 to 112.3 Pg C (Pg = 10" g) between September
1997 and July 2000 based on the CASA-VGPM biosphere model, with net carbon fixation
increasing by 0.9 Pg on land and 3.9 Pg in the oceans. Our estimated biospheric NPP is higher
than the CASA-VGPM estimate of 104.9 Pg C y reported by Field et al. (7) for remote sensing
data collected between 1978 and 1990. This difference largely reflects an increase in ocean NPP
that cannot be unequivocally attributed to either a true change in ocean biology or simply better
remote sensing data. What is certain is the difference does not reflect divergent approaches to
NPP modeling or a drift in sensor calibration, since C,,, values did not uniformly increase

globally.



On land, NPP peaks between 15°S and 10°N, reaching 87.1 gC m? month™, and then
exhibits a hemispherically-asymmetric dependence on latitude and season (Fig. 2A). In the
northern hemisphere, continental climatic influehces dominate precipitation and temperature
patterns and give rise to extensive arid regions of low NPP between 15°N and 35°N. At southern
latitudes, a similar NPP minimum occurs, but is restricted to the 20°S to 30°S band due to
relatively greater maritime climatic influences (Fig. 2A). Strong seasonality in NPP at >35°N
over the large continental areas of Northv America and Eurasia is the basis for the prominent
seasonal cycle in NDVI (Fig. 1B). A secondary, moderately-seasonal peak in southern
hemisphere NPP also exists between 30°S and 58°S, but has little influence on global mean
NDVI patterns due to the small land area of this region.

For the oceans, seasonal variability in the latitudinal distribution of NPP in the southern
hemisphere is nearly a perfect mirror image of the northern hemisphere, except from 40°S to
75°S between October to April. From 35°N to 35°S, ocean NPP exhibits little seasonality and
ranges from a mz;ximum 0f 20.9 gC m? month™ in the equatorial upwelling belt to a minimum of
8.2 gC m? month™' in the low-nutrient, central ocean gyre region (Fig. 2B). At>40°N, NPP is
strongly seasonal, varying from 0 to 49.1 gC m? month™ (Fig. 2B). In this region, phytoplankton
growth is generally light-limited during winter months, due to deep mixing and low incident
PAR, and increases dramatically during the summer when surface waters rich in nutrients
become stratified and PAR is high. In the southern hemisphere, a corresponding mid-summer
maximum in NPP at >40°S is not observed. Instead, seasonality is greatly dampened and NPP
actually decreases from 27.4 to 7.1 gC m? month™ between 40°S and 70°S (Fig. 2B). This

absence of a high-latitude, mid-summer bloom in the southern ocean results from a lack of



seasonality in the environmental factor(s) limiting phytoplankton growth, most likely iron and
light (12-14). For the 40°S to 75°S region, we calculated that an 8.9 Pg C y increase in ocean
NPP would result if seasonal changes in phytoplankton biomass paralleled those of the northern
hemisphere.

Distributions of biospheric NPP register spatial and seasonal changes in light, soil
moisture, nutrient availability, and temperature (Fig. 3A,B). Seasonal variability in northern
hemisphere terrestrial NPP is particularly strong due to greater variability in these growth
limiting factors compared to the southern hemisphere or the oceans (Fig. 3A,B). Although
global-scale interannual changes in NDVI were small relative to C, for the September 1997 to
July 2000 period (Fig. 1B), both land and ocean NPP displayed significant regional variability
related to local precipitation, temberature, and ocean circulation changes. For the December to
February season, the 1997-1998 El Nifio to La Nifia transition involved an increase in upwelling
and NPP in the eastern equatorial Pacific (/7), as well as a deépening of the nutricline and
consequential decrease in NPP in the western Pacific (Fig. 3C). Southern gyres of the Atlantic
and Pacific oceans also exhibited a decrease in NPP during the transition, while a large increase
occurred in the south Atlantic subtropical convergence east of Argentina. On land, increased
precipitation over eastern Africa broadly increased NPP during the El Nifio period and reflected
changes in Indian ocean circulation that simultaneously decreased phytoplankton productivity in
the northeast while increasing NPP west of Indonesia (/5) (Fig. 3C). Likewise, changes in
precipitation over South America enhanced NPP from southern Brazil through Argentina during
El Nifio conditions, while decreasing productivity in upper Amazonia. Coherence between

circulation patterns and interannual NPP anomalies was also evident for the 1998-1999 June to



August season (Fig. 3D); particularly, the temperature-related decrease in NPP over the Soviet
Union and increase over Europe, the moderate increase in ocean NPP in the northern hemisphere
gyres, and the peculiar decrease in equatorial Pacific NPP bordered by symmetric increases both
to the north and south.

Elemental cycling through the photosynthetic biosphere has and will have a profound
influence on climate variability. Global observations of light harvesting capacities in l;md and
ocean plants fosters an understanding of the links between biogeochemical and ecological
processes, so evident in maps of NPP and its interannual anomalies (Fig. 3). Continuation of
such measurements over prolonged periods also allows decadal and longer-term changes to be
resolved from normal, larger-amplitude»seasonal and interannual cycles. The SeaWiFS record
now permits a comprehensive assessment of biospheric NPP and documents for the first time
multi-year temporal changes in global phytoplankton biomass (Fig. 1). Of our estimated >100 B
Pg C y' photosynthetically fixed between 1997 and 2000, less than 3% was sequestered in long-
term carbon pools (/6). Over an annual period, the remaining organic carbon is released back to
the atmosphere as respiratory CO,. Differences in the temporal coupling of primary production
and respiration influence the atmospheric signature of land and ocean photosynthesis. Although
latitudinal NPP distributions for both systems (Fig. 2) are consistent with hemispheric
differences in the seasonal amplitude of atmospheric CO, cycles, the rapid turnover of
phytoplankton biomass, along with the buffering effect of oceanic carbonate chemistry, causes
land NPP to dominate seasonal cycles in atmospheric CO, ({7, 18). In contrast, both
components contribute to longer-term carbon sequestration, but quantifying this land-ocean

partitioning will require further improvements in € models and better characterization carbon of



remineralization pathways. As these improvements are realized, continuation of global
SeaWiFS measurements will provide a basis for assessing changes in Earth system carbon

cycling.
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Figure Legends

1.

Global monthly means and anomalies in surface ocean chlorophyll (C,,; mgChl m*) and
land NDVI (dimensionless) for SeaWiFS measurements between September 1997 and
July 2000. Anomalies were calculated as the difference between C, or NDVI for a
given month and the average value for that month during the 3 year time series. (A) ® =
Monthly mean C,, in mgChl m* (left axis). ¢ = monthly anomaly (right axis). (B) ® =

Monthly mean NDVI (dimensionless; left axis). ¢ = monthly anomaly (right axis).

Seasonal average NPP (gC m” month™') for the 3 year SeaWiFS time series as a function
of latitude. (A) Terrestrial NPP for (dashed line) December through February and (solid
line) June through Augﬁst. The labeled, dotted line at >16°S shows the corresponding
NPP values from the northern hemisphere to illustrate differences in Austral and Boreal
summers. (B) Ocean NPP for (dashed line) December through February and (solid line)
June through August. As in (A), the labeled dotted line at > 40°S shows corresponding
NPP values from the northern hemisphere. The difference between the dotted and solid
lines between 400S and 7508 illustrates the large ‘missing’ bloom in the southern

hemisphere during the Austral summer.

Average biospheric NPP and interannual differences for Austral (December to February)
and Boreal (June to August) summers. NPP (gC m? month™') was estimated using
SeaWiFS data and the integrated CASA-VGPM biospheric model (7). (A) Average NPP

for the 1997 El Nifto and 1998 La Nifia Austral summers. (B) Average NPP for the 1998
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La Nifta and 1999 post-La Nifla Boreal summers. (C) Austral summer NPP for 1997
minus 1998. (D) Boreal summer NPP for 1998 minus 1999. Red and blue colors in (C)

and (D) denote increases and decreases in NPP, respectively.
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Figure 1
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