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lower nearshore SST is not due to 
seasonal variation in surface heat flux 
alone. The negative temperature anoma-
lies adjacent to the coast extend about 
30 km from the coast. 

Wind stress curl is another 
mechanism that can drive upwelling. 
Unfortunately, because no weather 
station data are available for this area, 
the only sources of wind data are 

satellite measurements (e.g., the National 
Aeronautics and Space Administration’s 
Quick Scatterometer [QuikSCAT] and 
the Advanced Scatterometer [ASCAT] 
instrument), which are too coarse to 
provide wind stress curl information 
within 50 km of the coast. Alternatively, 
we may use model winds from regional 
atmosphere models such as the 
Coupled Ocean/Atmosphere Mesoscale 

Prediction System (COAMPS)1. Model 
winds of the Philippine Archipelago 
using COAMPS show the same general 
features as QuikSCAT wind fields 
(Pullen et al., 2008). 

With COAMPS, it is possible to 
compute both alongshore wind stress 
and wind stress curl close to the coast. 
Figure 3 shows a map of the February 
2008 mean wind stress and wind stress 
curl fields. Note that all along the 
northern coast of Zamboanga Peninsula, 
the wind stress curl is positive, most 
likely due to frictional retardation by 
land. The maximum positive curl values 
are found off coastline bends (near 
122°N and 123°N) and may contribute 
to upwelling transport in these areas. In 
the California and Benguela upwelling 
systems, bands of positive wind stress 
are believed to be important in shaping 
the upwelling systems (Fennel, 1999; 
Capet et al., 2004). The curl band also 
forces a downwind surface flow under 
the maximum wind axis and an inshore 
upwind countercurrent (Fennel, 1999). 
Similar offshore downwind and near-
shore upwind flows were observed 
using underway acoustic Doppler 
current profiler (ADCP) data during the 
December 2007 Joint US/Philippines 
Cruise and the March 2009 Intensive 
Observational Period cruise (IOP-09), 
but these flows were absent during 
IOP-08 in January. 

Upwelling interannual variability was 
examined by using empirical orthogonal 
function (EOF) analysis of monthly 
4-km resolution Pathfinder SST data 
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1 COAMPS or Coupled Ocean/Atmosphere 
Mesoscale Prediction System (COAMPS) is a regional 
weather prediction model used operationally by the 
US Navy and developed by the Marine Meteorology 
Division of the Naval Research Laboratory, 
Monterey, CA.

Figure 2. QuikSCAT monthly mean wind stress (in N m-2) and mean sea surface temperature (SST; 
in °C) for February/northeast monsoon (left) and July/southwest monsoon (right). Monthly SST 
was calculated from Pathfinder SST for the period 1985–2009.
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2007/2008 La Niña may also be related 
to the weakening of the prevailing winds 
during the 2007/2008 NEM season. 
However, unlike rainfall, the seasonal 
QuikSCAT wind anomalies from January 
2000 to October 2009 for the area off the 
Zamboanga shelf did not show a clear 
relationship with ENSO events. 

CONSEQUENCES 
OF  UPWELLING
Because algal blooms and an increase 
in primary production are some of the 
consequences of upwelling, chlorophyll a 
pigment concentrations measured from 
satellites are good tracers for upwelling, 
particularly in the tropics where the 
temperature differences between 

upwelled and ambient surface waters 
are small. Chlorophyll concentrations 
vary seasonally, with the highest surface 
concentrations occurring during the 
NEM months. EOF analysis of monthly 
chlorophyll images (2003–2009) with 
the spatially averaged concentration 
removed show the highest concentra-
tion at the shelf and a decrease offshore 
up to more than 50 km from the coast 
(Mode 1 accounting for 65% of the vari-
ability). The temporal pattern of the first 
EOF peaks during the first quarter of the 
year is consistent with upwelling induced 
by NEM winds. It is interesting to note 
that the results of the EOF analysis of 
chlorophyll yielded a more significant 
dominant mode than the EOF analysis 

Figure 4. Distribution of the first empirical orthogonal 
function mode calculated from Pathfinder monthly 
SST data (top) and its temporal variation (middle). 
Negative values (blue bars) of the SST temporal distri-
bution represent a positive cross-shelf SST gradient 
(e.g., upwelling condition). The bottom graph shows 
the Multivariate El Niño-Southern Oscillation (ENSO) 
Index (MEI). Positive (negative) MEI values indicate 
El Niño (La Niña) conditions. Correlation between 
SST temporal distribution and MEI (r = -0.43) is 
significant at p < 0.05.

of SST (65% variance explained for 
chlorophyll a and only 23% for SST). 
This is an indication that the upwelling 
signal is much more evident in remotely 
sensed chlorophyll than in remotely 
sensed SST. Udarbe and Villanoy (2001) 
earlier reported the lack of manifestation 
of upwelling in the SST signal.

The most dramatic change in chloro-
phyll concentration since 2002 occurred 
during the NEM seasons of 2006/2007 
and 2007/2008. The former was an 
El Niño year and surface chlorophyll 
concentrations were among the highest 
since 2002, while the latter was a La Niña 
year and chlorophyll concentrations off 
Zamboanga Peninsula were among the 
lowest (Figure 7).
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Correlation of U-wind with PDO = -14% 
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Mean Fish Catch Non-ENSO: 4237   
Mean Fish Catch El Niño: 2129  
Mean Fish Catch La Niña: 3164 

Mean Fish Catch Non-ENSO: 4616 
Mean Fish Catch El Niño: 2382 
Mean Fish Catch La Niña: 4232 
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