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ABSTRACT 
 
 

his study assessed the relationship between runoff and 
chlorophyll-a in three documented upwelling sites in 
the Philippines. Linear correlation analysis between 
remotely sensed chlorophyll-a data and runoff from 
the Global Runoff Reconstruction (GRUN) dataset 

determined negative correlations along the coasts of Zamboanga 
del Norte and the Sulu Ridge and positive correlations off the 
coast of the Northern Bicol Shelf. The resulting correlations and 
generated temporal plots revealed the extent of the influence of 
runoff on productivity seasonally enhanced by upwelling. 
Generally, runoff had less effect on chlorophyll-a levels than the 
enhancement driven by upwelling during the northeast monsoon 
season. Upwelling was demonstrated to be a significant factor to 
productivity during months of lower runoff rates in Zamboanga 
del Norte and the Sulu Ridge. The dominance of weaker positive 
correlations (0.3 < |r| < 0.5, p<0.00001) in the Northern Bicol 
Shelf suggests the limited influence of runoff on productivity 
despite the similarity in seasonal patterns within the area.  The 

trends and relationships determined in this study can be used in 
the management of coastal ecosystems and fisheries within the 
study sites, particularly in the context of future changes in the 
global climate. 
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INRODUCTION 
 
The spatial and temporal patterns of productivity in coastal areas 
are highly variable due to the influence of terrestrial and oceanic 
processes that drive the distribution of nutrients. Terrestrial 
runoff can act as a medium of transport for nutrients and 
sediments supplied by a myriad of point and non-point sources 
(Beman, Arrigo, and Matson 2005, Jiang, Hao, and Fu 2016, 
Lihan et al. 2011). Several studies have demonstrated the 
positive correlation between runoff rates and phytoplankton 
levels in adjacent coastal waters (Beman, Arrigo, and Matson 
2005, Lihan et al. 2011, Masotti et al. 2018, Wang et al. 2015). 
In other coastal sites, productivity is influenced by seasonal 
ocean dynamics that can generate upwelling. This is a process 
where cold, nutrient-rich water mass is driven to the surface, 
triggering the enhancement of productivity (Cabrera et al. 2011, 
Jing, Qi, and Du 2012, Villanoy et al. 2011).  
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Monitoring the spatial and temporal variability of phytoplankton 
on the ocean surface has been accomplished by remote sensing 
techniques. Satellite-based sensors capture the spectral signature 
of chlorophyll-a, the pigment typically used as a biomass index 
for phytoplankton (Yap, Azanza, and Talaue-McManus 2004). 
The Sea-viewing Wide Field-of-view Sensor (SeaWiFS) and 
Moderate Resolution Imaging Spectroradiometer – Aqua 
(MODIS-Aqua) are among the several satellite-based sensors 
that can provide global chlorophyll-a datasets. SeaWiFS has 
provided data from September 1997 to December 2004, while 
MODIS-Aqua has generated data from July 2002 until the 
present. (Franz et al. 2005). Data from both sensors are regularly 
validated by the Ocean Biology Processing Group of NASA. 
The datasets produced over the years have been widely utilized 
in monitoring the spatiotemporal variability of chlorophyll-a in 
relation to runoff in sites such as the Gulf of California (Beman, 
Arrigo, and Matson 2005), Yangtze River Estuary (Wang et al. 
2015), the coast of Tokachi Region in Japan (Lihan et al. 2011), 
and the coast of Central Chile (Masotti et al. 2018).  
 
The Global Runoff Reconstruction (GRUN) is a dataset derived 
from a machine learning algorithm trained using global 
streamflow measurements. Published in 2019, the GRUN 
dataset provides a global database of monthly runoff from 1902 
to 2014. The dataset, on average, was able to show better 
correspondence with available river discharge when validated 
against 13 global hydrological models (Ghiggi et al. 2019). 
Among the earliest local assessments of the GRUN dataset was 
with river gauging data in the Philippines, where the GRUN 
showed reasonable utility for spatiotemporal analysis (Ibarra et 
al. in press). 
 
Climate in the Philippines is broadly classified into wet and dry 
seasons. Precipitation patterns are influenced by meteorological 
and topographical factors, particularly tropical cyclones and the 
Asian monsoons. The monsoons originate from the northeast 
(December to March) and southwest (June to October) (Wang, 
Wu, and Lau 2001). The resulting rainfall variability is used to 
group the country into four climate types, known as the modified 
Coronas classification (Coronas 1920). Type I identifies two 
distinct periods – dry from November to April and wet from May 
to October. Areas with Type II climate do not have a pronounced 
dry season, experiencing rain throughout the year that peaks 

from December to February. Type III is similar to Type I but 
with a shortened dry season from November to April. Lastly, 
Type IV takes from Type II in having no marked dry season, 
with precipitation fairly distributed throughout the year. 
 
A national scale analysis of the relationship of runoff and coastal 
chlorophyll-a was accomplished by Custado and David using the 
discussed datasets. They found a distinct distribution of positive 
and negative correlation coefficients across the country, with the 
former mostly located in open coasts while the latter found in 
internal seas (Custado and David in press). However, it is 
important to give context to these correlations, particularly in 
sites where extensive oceanographic processes that affect 
productivity take place. 
 
Monsoonal winds blow through complicated bathymetry within 
the internal seas of the country, inducing stationary lee eddies 
and wind stress curl zones. This allows for the formation of 
potential upwelling sites (Chavanne et al. 2002; Pullen et al. 
2008; Gordon and Ffield 2011). The coastal area of Zamboanga 
del Norte has been described in literature to experience 
upwelling as a result of these processes (Villanoy et al. 2011). 
On the other hand, persistent coastal upwelling observed in the 
Sulu Ridge has been attributed to internal tidal mixing, with 
monsoonal winds regulating the seasonal patterns of sea surface 
temperature (SST) and phytoplankton (Jing, Qi, and Du 2012). 
Potential upwelling sites in outer coastal areas have also been 
described in literature. Currents from the Pacific Ocean forced 
through the complex topography of the Northern Bicol Shelf 
were suggested to induce upwelling in its coastal waters (Amedo, 
Villanoy, and Udarbe-Walker 2002). Figure 1 illustrates the 
discussed potential upwelling sites, along with several of the 
river systems that drain into each study area.  
 
Increases in phytoplankton levels linked to coastal upwelling are 
generally several magnitudes greater than the influence of 
riverine runoff. Hence, the process is usually assumed to support 
rich ecosystems and fisheries. However, published studies in the 
plume area of the Columbia River and the coastal area of Central 
Chile have implied that the inorganic nutrient fluxes coming 
from runoff were still essential to their respective coastal 
ecosystems despite experiencing seasonal upwelling (Hickey et 
al. 2010, Masotti et al. 2018). This contribution is particularly 

Figure 1: The Philippine climate map (1951 - 2010) highlighting the study sites. Type I (Red), Type II (Blue), Type III (Yellow), Type IV (Green). 
Map illustrated by the Philippine Atmospheric Geophysical Astronomical Services Administration (2014). The featured coasts are 
(counterclockwise) (A) Northern Bicol Shelf, (B) Sulu Ridge, and (C) Zamboanga del Norte. Gray markers represent the locations of the 
outlet of some of the rivers draining to the coastal areas in each site. 
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important during phases of delayed upwelling or extended 
downwelling events (Hickey et al. 2010). The present paper 
aims to utilize the previously discussed datasets to determine 
linear correlations between the temporal patterns of runoff and 
chlorophyll-a in the featured sites and discuss how upwelling 
influence the resulting correlations. Assessments made can be 
utilized for the management of mariculture activities in these 
sites, particularly in the context of the changing climate. 
 
 
MATERIALS AND METHODS 
 
Data 
Data used for this study were extracted from the monthly 
composites provided by the GRUN dataset and SeaWiFS and 
MODIS-Aqua data. The GRUN was retrieved from the ETH 
Zürich Research Collection data repository (https://www.research-
collection.ethz.ch/handle/20.500.11850/324386). It provides 0.5° x 
0.5° (approximately 55 km) runoff data from January 1902 to 
December 2014 (n = 1356). The spatial resolution of the dataset 
does not allow for a detailed discussion of the individual rivers 
in each site. Hence, a single data grid represents the runoff 
aggregate from the river systems that drain into the coastal area 
bounded by the grid. 
 
The GRUN machine learning algorithm used data from the 
Global Streamflow Indices and Metadata Archive (GSIM) and 
the Global Runoff Data Centre (GRDC) Reference Dataset as 
training and validation data, respectively. Input data were 
screened according to a set of criteria which included data 
completeness and catchment size, resulting in the use of 7,627 
GSIM and 214 GRDC stations (Ghiggi et al. 2019). Streamflow 
data from the Philippines were excluded from use due to the 
filtering measures implemented (Ibarra et al. in press). Runoff 
values were predicted by feeding the trained algorithm with 
temperature and precipitation data from the Global Soil Wetness 
Project Phase 3 (GSWP) (Ghiggi et al. 2019). 
 
Monthly Level 3 chlorophyll-a standard mapped image (SMI) 
data from the sensors were retrieved from the National 
Aeronautics and Space Administration – Goddard Space Flight 
Center (NASA-GSFC) database (https://oceancolor.gsfc.nasa.gov/l3/). 
The acquired SeaWiFS and MODIS-Aqua data were of 9 km and 
4 km spatial resolutions, respectively. The SeaWiFS data were 
from October 1997 to December 2010, while MODIS-Aqua data 
were from August 2002 to December 2019.  
 
The ocean color reprocessing algorithms maintained by NASA 
were observed to overestimate chlorophyll-a concentrations 
within coastal regions due to the optical complexity of waters 
near shore (Gregg and Casey 2004; Lohrenz et al. 2008). The 
use of the data in this study is therefore limited only to the 
assessment of spatiotemporal variability and not to evaluate 
absolute values, for which remotely sensed datasets have been 
noted to be of adequate utility (Hopkins et al. 2013, Lohrenz et 
al. 2008, Masotti et al. 2018).  
 
Data pre-processing 
The retrieved chlorophyll-a files were merged to produce a 
single time series dataset for each sensor. Along with the runoff 
data, these datasets were re-gridded to a common 9 km spatial 
resolution using the conservative nearest interpolation method. 
The pixels analyzed for each site were bounded by the following 
coordinates: 7.8° to 9.0°N and 121.7° to 123.5°E for the coastal 
waters of Zamboanga del Norte; 5.0° to 6.8°N and 119.5° to 
122.7°E for coastal areas within the Sulu Ridge; and 13.8° to 

14.6°N and 122.0° to 124.6°E for the Northern Bicol Shelf 
(Figure 1).  
 
The runoff dataset was subjected to the bias correction 
procedure implemented by Ibarra et al. derived from their 
analysis of the log10-transformed GRUN dataset against data 
from 74 manually observed streamflow stations across the 
Philippines (Ibarra et al. in press). They noted an improvement 
in the nationwide root mean square (RMS) error parameter by 
an order of magnitude (from 2.348 to 0.292 mm/day) (Ibarra et 
al. in press).  The correction is described by the equation below: 
 

log10 corrected GRUN = (0.774)#log10predicted GRUN$+0.099 (1) 

A single time series dataset from the two chlorophyll-a datasets 
was produced for each site by applying Model II ordinary least 
squares (OLS) regression on each data pixel during the period of 
overlap, from August 2002 to September 2010 (Marrari, Piola, 
and Valla 2017). This step was implemented on log10-
transformed data as the pigment biomass in marine waters is of 
natural log-normal distribution (Bricaud, Bosc, and Antoine 
2002). Coefficients calculated from the regression were used to 
adjust the log10-transformed data from MODIS-Aqua, using 
SeaWiFS data as reference (Marrari, Piola, and Valla 2017). 
 
The generated 22-year dataset consisted of SeaWiFS data from 
October 1997 to July 2002 and the adjusted MODIS-Aqua data 
from August 2002 to December 2019. The majority of the 
dataset came from the adjusted MODIS-Aqua to fill the several 
gaps found in the SeaWiFS dataset. Errors in the merged data 
were quantified by calculating the root mean square (RMS) and 
bias using the following equations: 
 

 log RMS= %
∑ [ log10(chlMODIS) - log10(chlSeaWiFS) ]2

n  (2) 

 log bias= %
∑'log10(chlMODIS) - log10(chlSeaWiFS)(

n  (3) 

 
To address the problem of missing data due to cloud cover, the 
Data Interpolating Empirical Orthogonal Functions (DINEOF) 
method was adopted to fill in gaps in the merged chlorophyll-a 
dataset. The DINEOF is a self-consistent technique which 
iterates through a number of optimal Empirical Orthogonal 
Functions (EOFs) modes to return a complete matrix of data. 
The number of optimal iterations is determined by the last 
leading EOF mode which returns the smallest error (Beckers and 
Rixen 2003; Alvera-Azcárate et al. 2005). The DINEOF was 
originally used for sea surface temperature datasets (SST), but it 
was also employed to reconstruct chlorophyll-a datasets in 
several studies (Wang et al. 2015, Wang, Gao, and Liu 2019). 
Remote sensing data with more than 95% missing spatial and 
temporal values were excluded from the process. 
 
The data pre-processing methodologies were carried out using 
Python programming language. Chlorophyll-a datasets were 
reconstructed using the Fortran-based DINEOF software 
developed by the GeoHydrodynamics and Environment 
Research (GHER) group, University of Liège 
(http://modb.oce.ulg.ac.be/mediawiki/index.php/DINEOF). 
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Figure 2: Correlations maps (A,D), and monthly (B,E) and seasonal (C,F) plots of chlorophyll-a (purple lines) and runoff (gray lines). 
Illustrated here are the negative correlations off the coasts of the Sulu Ridge (A)-(C) and Zamboanga del Norte (D)-(F). The monthly trends 
are deseasonalized and detrended.

Data analysis 
 
Trends in the data were derived using a sinusoidal equation with 
linear and seasonal components (Wang et al. 2015, Weatherhead 
et al. 1998). The model is defined by the following equation: 
 

 𝑌! = 𝜇 + 	𝜔𝑋! + 𝛽 sin ,2
𝜋
𝑗
𝑋! + 	𝛼1 + 𝑁!	, 𝑡 = 1…𝑛 (4) 

where 𝑌! is the mean monthly chlorophyll-a or runoff data; 𝑋! is 
the time in months from the initial time point of the data; n is the 
length of the time series; 𝜇 + 	𝜔𝑋! is the linear trend component 
where µ is a constant term and ω is the variation trend; and 
𝛽 𝑠𝑖𝑛 +2 "

#
𝑋! + 	∅. is the seasonal component, where 𝛽 is the 

amplitude of variation,  j is the change cycle, and ∅ is the initial 
phase (Wang et al. 2015). Nt represents the residual error, the 
difference between the actual and fitted data (Wang et al. 2015, 
Weatherhead et al. 1998). 
 
The significance of the trend was determined following the 
methods described by Weatherhead et al. (1998). Assuming that 
Nt is of a first-order autoregressive process with the following 
equation: 
 

 𝑁! = Φ𝑁!$% + 𝜀!   (5) 

where Φ is the autocorrelation coefficient and εt is the 
autocorrelation noise. The precision of the calculated trend (σω) 
is approximated by the autocorrelation coefficient (Φ), length of 
the time series (n), and standard deviation of the residual errors 
(σN) (Weatherhead et al. 1998).  This is described by Equation 6, 
which is applied to the runoff dataset.  
 
If the dataset has a level shift at a certain point in time due to a 
change in instrumentation, the component (𝛿𝑈) is added to the 
sinusoidal model to account for the change (Equation 7). To 
calculate for the precision of the trend using this equation, the 
variable τ, which represents the fraction of time before the 
intervention, is introduced. Equation 8 illustrates this 
modification (Weatherhead et al. 1998). This equation is applied 
to the merged chlorophyll-a dataset. Significance of the 
quantified trend (ω) at 95% confidence level is achieved when 
the condition 5&'"5 > 2 is satisfied. 
 
 
 
 

(B) 

(C) 

(E) 

(F) 

(A) 

(D) 
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Figure 3: Correlations maps (A), and monthly (B) and seasonal (C) plots of chlorophyll-a (purple lines) and runoff (gray lines) in the Northern 
Bicol Shelf. The monthly trends are deseasonalized and detrended.

 
 

 
𝜎& ≈

𝜎(
𝑛)/+

91 +Φ	
1 −Φ  (6) 

 
 𝑌! = 𝜇 + 	𝜔𝑋! + 𝛽 sin 72

𝜋
𝑗 𝑋! + 	𝛼< + 𝛿𝑈 + 𝑁!	, 𝑡 = 1…𝑛 (7) 

 

 𝜎& ≈ <
𝜎(
𝑛)/+

91 +Φ	
1 −Φ=

1
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These equations were applied on the log10-transformed values of 
the adjusted and processed datasets. The calculations were 
carried out using Python. 
 
Linear correlation analysis between each monthly pixel of the 
runoff and chlorophyll-a datasets was performed within the 
spatial and temporal overlaps of the data, which covered the 
period from October 1997 to December 2014 (n = 195). The 
calculated correlation coefficients (r) were evaluated and 
grouped according to the criteria defined by Huang (1990), 
which was adopted for use by Wang et al. in their analysis of the 
correlation between estuarine chlorophyll-a data and runoff 
from the Yangtze River (Wang et al. 2015). Correlation 
coefficients were grouped as follows: |r| < 0.3 indicates no 
correlation, 0.3 < |r| < 0.5 indicates low correlation, 0.5 < |r| < 
0.8, indicates moderate correlation, and 0.8 < |r| < 1.0 indicates 
strong correlation (Huang 1990). This analysis, along with the 
generation of temporal plots were performed using the Python 
programming language. 
 
 
RESULTS 
 
Figures 2 and 3 illustrate the correlations maps generated using 
the classifications set by Huang (1990), including the monthly 
and climatological seasonal plots from the three sites. The 
corresponding temporal plots were derived from the pixels 
classified with low and moderate correlations (0.3 < |r| < 0.8), as 
no pixels were identified to be highly correlated. Summary of 
correlation coefficients calculated for each site are summarized 
in Table 1.  
 
The linear trend parameters derived from the time series data are 
summarized in Table 2. The Sulu Ridge recorded small, but 

statistically significant positive trends for both chlorophyll-a (ω 
= 1.00 x10-4, 5 &'"5 > 2) and runoff (ω = 4.86 x10-5, 5&'"5 > 2). A 
slightly steep but statistically significant negative trend was also 
detected in the Northern Bicol Shelf (ω = -3.913 x10-5, 5&'"5 > 2). 
 
Negative correlation coefficients dominated the coasts of 
Zamboanga and Sulu Ridge. Accordingly, the observed runoff 
trends from these coasts exhibit inverse relationships with 
chlorophyll-a, as illustrated in the monthly and climatological 
seasonal plots generated. In both sites, chlorophyll-a reaches 
relatively higher levels during the months of December to 
February, peaking in January in the Sulu Ridge (0.407 mg/m3) 
and February (0.739 mg/m3) in Zamboanga.  Chlorophyll-a 
minimums, on average, are experienced during the months of 
October (0.287 mg/m3) in the Sulu Ridge and June (0.161 
mg/m3) in the coastal area of Zamboanga. The coastal areas in 
the Sulu Ridge receive the highest seasonal runoff rates during 
October (3.650 mm/day) and the lowest in March (1.639 
mm/day). Meanwhile, the coastal waters of Zamboanga 
experience the highest seasonal runoff during November (4.431 
mm/day), and the lowest in April (1.876 mm/day) (Figure 2c; f). 
 
Positive correlations were also seen in the coastal areas within 
the Northern Bicol Shelf. However, the coverage of grids with 
low correlation appears to be more extensive than with moderate 
correlations. Chlorophyll-a and runoff highs and lows generally 
coincide during the same period; the highest levels are reached 
during December (0.357 mg/m3 for chlorophyll-a and 8.081 
mm/day for runoff) while the lowest are in September for 
chlorophyll-a (0.184 mg/m3) and April for runoff (2.828 
mm/day) (Figure 3c). 
 
 
DISCUSSION 
 
Local and global scale climatic factors account for the 
seasonality evident from the generated time series plots. Strong 
upwelling events are often documented when the northeast 
monsoon (NEM) prevails in these sites. The stronger winds and 
cooler temperatures during the season allow for convective 
mixing (Udarbe-Walker and Villanoy 2001; Peñaflor et al. 2007; 
Pullen et al. 2008; Villanoy et al. 2011), influencing the 
seasonality of the productivity in the study areas. This accounts 
for the enhanced chlorophyll-a concentration observed during  

(B) 

(C) 

(A) 
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Table 1: Calculated correlation coefficients (r) within the upwelling sites (p<0.00001). 

Site 
Clim
ate 
type 

Total 
data 
count 

No correlation Low correlation Medium correlation 

r-
values Mean Co

unt 

% of 
total 

count 

r-
values Mean Co

unt 

% of 
total 

count 

r-
values Mean Co

unt 

% of 
total 

count 
Zamboanga 

del Norte III 101 
-0.295 - 
0.089 -0.157 19 18.81 -0.499 – 

-0.302 -0.413 38 37.62 -0.677 - 
0.549 -0.533 44 43.56 

Sulu Ridge IV 254 
-0.296 - 
0.233 -0.146 57 22.44 -0.499 - 

0.404 -0.414 86 33.86 -0.736 – 
-0.503 -0.567 111 43.70 

Northern 
Bicol Shelf II 192 

-0.192 - 
0.298 0.132 113 58.85 -0.432 - 

0.486 0.3 71 36.98 0.520 - 
0.572 0.542 8 4.17 

Table 2: Linear trend parameters derived from the chlorophyll-a and runoff time series. 

 Chlorophyll-a  
(n = 266 months) 

Runoff 
(n = 1356 months) 

 µ*	 ω*	 	! 𝝎
𝝈𝝎
!	 µ*	 ω*	 	! 𝝎

𝝈𝝎
!	

Zamboanga del Norte -0.61 4.88  
x10-5 0.68 0.329 -4.83 

x10-6 1.02 

Sulu Ridge -0.59 
1.00  

x10-4 
5.80 0.19 4.86 

x10-5 10.12 

Northern Bicol Shelf -0.81 -3.91 
x10-5 2.04 0.57 3.21  

x10-6 0.85 

the months of the NEM, especially seen in the temporal plots 
generated from the coastal areas of Zamboanga del Norte and 
the Sulu Ridge.  
 
Runoff patterns differ across sites as each is governed by a 
different climate type. The illustrated seasonal trends off the 
coasts of Zamboanga del Norte and the Northern Bicol Shelf 
(Figure 2f, Figure 3c) are consistent with the rainfall patterns 
described by their respective climate types, Type III and Type II. 
In comparison, the seasonal runoff patterns in the Sulu Ridge, 
which falls under Type IV classification, exhibited a more 
variable pattern relative to the fairly even rainfall distribution 
described by its climate classification (Figure 2c). This is 
possibly due to other geographical factors that affect the 
hydrology of the area. 
 
Apart from the local climate, global-scale processes such as the 
El Niño Southern Oscillations (ENSO) can influence runoff 
patterns. This phenomenon has been recorded to influence 
Philippine climate; its warm phase (El Niño) coincided with 
three of the four most significant drought events in the two 
decades before 2009, while its cold phase (La Niña) triggered 
flooding events more intense than normal (Hilario et al. 2009, 
Corporal-Lodangco, Leslie, and Lamb 2016). 
 
The influence of ENSO on runoff in the study sites can be 
demonstrated by cross correlating the generated monthly time 
series of runoff with the Multivariate ENSO Index (MEI) 
(Wolter and Timlin 1993). Negative correlations were calculated 
across all sites – highest coefficients were obtained at a time lag 
of 3 months in runoff within Zamboanga del Norte (r = -0.738, 
p<0.0001, n = 778), at a time lag of 2 months in the Sulu Ridge 
(r = -0.695, p<0.0001, n = 778), and at a time lag of 3 months in 
the Northern Bicol Shelf (r = -0.606, p<0.0001, n = 778). 
Positive MEI values correspond to the warm ENSO phase, while 
negative values correspond to the cold phase. Hence, the inverse 
relationships observed in each site suggest that the warm El Niño 
phase correspond to lower runoff rates and the cold La Niña 
phase trigger higher runoff rates. 
 

Upwelling intensity in the three sites have also been described 
to be modulated by the ENSO phenomenon. Villanoy et al. 
(2011) and Jing et al. (2012) observed negative and positive 
correlations of SST with the ENSO index in Zamboanga del 
Norte and the Sulu Ridge, respectively. In the Northern Bicol 
Shelf, ENSO patterns shift the location of major oceanic currents 
that influence the area (Amedo, Villanoy, and Udarbe-Walker 
2002), affecting the strength of upwelling that the area 
experiences. 
 
Correlations off the coasts of Zamboanga del Norte and the 
Sulu Ridge 
The enhancement of chlorophyll-a levels seen in these sites 
during the northeast monsoon coincides with declines in runoff 
rates, reflecting the negative correlation coefficients generated 
from the analysis. Upwelling enhances chlorophyll-a 
concentrations at a maximum of four times of the lowest 
chlorophyll-a mean in Zamboanga del Norte (max: 0.739 
mg/m3; min: 0.161 mg/m3) and one and a half times of the lowest 
mean in the Sulu Ridge (max: 0.407 mg/m3; min: 0.287 mg/m3). 
The remarkable productivity enhancement in the waters off the 
coast of Zamboanga support a relatively significant sardine 
industry, as reported by Villanoy et al. in 2011 using sardine 
landing data and monthly chlorophyll-a values. Illustrating the 
relationship of runoff and chlorophyll-a in both sites are the 
mean composite images of the parameters during February and 
October, representing the NEM and SWM seasons (Figure 4 and 
Figure 5).  
 
The accompanying SST images from the MODIS-Aqua satellite 
in Figures 4 and 5 further support the productivity enhancement 
illustrated by the chlorophyll-a data used. In particular, the 
uniformly cooler coastal waters of Zamboanga del Norte during 
the month of February (Figure 5c) demonstrate the monsoon-
driven upwelling of colder, nutrient-rich waters that support the 
dramatic increase in chlorophyll-a concentration during the 
NEM season (Villanoy et al. 2011).  
 
Masotti, et al. in 2018 described similar out of phase cycles 
between river discharge and chlorophyll-a in the coastal region 
of Central Chile. The chlorophyll-a concentration in identified  
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Figure 4: February (NEM), October (SWM), April (non-NEM/SWM) composites of runoff, chlorophyll-a, and SST in the Sulu Ridge. Upper 
panel: February runoff (A), chlorophyll-a (B), and SST (C); middle panel: October runoff (D), chlorophyll-a (E), and SST (F); lower panel: April 
runoff (G), chlorophyll-a (H), and SST (I). Warmer color corresponds to higher chlorophyll-a concentration and temperature. SST maps were 
derived from the MODIS-Aqua sensor. Circle markers correspond to the outlet of several of the river systems identified in the site (Refer to 
Figure 1B).

 
Figure 5: February (NEM) and January (SWM) composites of runoff, chlorophyll-a, and SST within the coast of Zamboanga del Norte. Upper 
panel: February runoff (A), chlorophyll-a (B), and SST (C); lower panel: October runoff (D), chlorophyll-a (E), and SST (F). Warmer color 
corresponds to higher chlorophyll-a concentration and temperature. SST maps were derived from the MODIS-Aqua sensor. Circle markers 
correspond to the outlet of several of the river systems identified in the site (Refer to Figure 1C).

river plume areas were magnitudes smaller when compared to 
the productivity enhancement experienced by the entire coastal 
region during seasonal upwelling events. Yet, researchers noted 
that this influence may still be adequate in sustaining local 

ecosystem processes such as larval survival and recruitment, 
particularly during extended periods of downwelling or delayed 
upwelling (Hickey et al. 2010, Masotti et al. 2018).  
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Figure 6: Radiance at 555 nm to illustrate river plume areas. Upper panel: during peak runoff months in Zamboanga del Norte (A, November), 
Sulu Ridge (B, October), and Northern Bicol Shelf (C, December); lower panel: during months of runoff lows in Zamboanga del Norte (D, 
April), Sulu Ridge (E, March), and Northern Bicol Shelf (F, April). Warmer color corresponds to stronger signal at the 555 nm band. Circle 
markers correspond to the outlet of several of the river systems identified in the site (Refer to Figure 1).

A useful parameter to approximate the spatial extent of riverine 
influence is the normalized water-leaving radiance at the 555 nm 
band (nLw555). Several studies have used the reflectance at this 
wavelength to trace particulate matter and detect river plume 
signals associated with discharge (Masotti et al. 2018, Mazzini 
et al. 2015). Plots in Figure 6 illustrate the 9-km reflectance data 
at 555 nm acquired from SeaWiFS in the three study sites during 
months of highest and lowest mean runoff. However, the 
resolution of the data limits the identification of individual 
plumes from the rivers that drain into this site. Thus, the signals 
are interpreted as the aggregated influence of the rivers. 
 
In Zamboanga del Norte, the month of November, when runoff 
is highest, records a slightly enhanced reflectance at 555 nm near 
the coast (Figure 6a) relative to April when runoff is lowest 
(Figure 6d). In contrast, the Northern Bicol Shelf sees a more 
significant enhancement of the signal in its coastal waters where 
the Bicol River Basin, a major catchment area, drains (Figure 6c, 
Figure 6f). Hence, the small magnitude of change in the 
reflectance at 555 nm nearshore of Zamboanga del Norte can be 
accounted for by the size of the adjacent river systems, which 
are smaller than the Bicol River Basin. This influence, albeit 
demonstrated as weak, may account for the chlorophyll-a levels 
during months when upwelling is absent.  
 
In the Sulu Ridge, upwelling nearshore lasts throughout the year 
as consistent internal tidal mixing stimulate intense vertical 
velocity shear (Jing, Qi, and Du 2012). Depicted in the SST and 
chlorophyll-a images from October, a SWM month (Figure 4e-
f) and April, a non-SWM/NEM month (Figure 4h-i) are cooler 
waters and high productivity within coastal areas despite the 
absence of the NEM. This enhancement reaches its maximum as 
monsoon-driven upwelling manifests in the northern side of the 
ridge. Chlorophyll-a and SST images for February show a 
distinct division of a cooler water mass northward accompanied 
by a phytoplankton bloom (Figure 4b-c). Continuous upwelling 
in the Sulu Ridge accounts for the weaker seasonal signal on 
coastal chlorophyll-a compared to Zamboanga del Norte. 
 
Runoff influence in the Sulu Ridge appears to have minimal 
effect on productivity as persistent oceanographic processes 
dominate the area. Chlorophyll-a highs nearshore seem to not 
experience further enhancement despite higher runoff rates 
during the SWM season (Figure 4d-e) in comparison to the 

lower runoff rates absent of monsoon influence (Figure 4g-h). In 
addition, there is no significant difference between the nLw555 
plots of the site during March and October, when mean runoff 
rates are at its lowest and highest, respectively. However, the 
coarse resolution of the datasets is not sufficient to illustrate 
finer observations within the plumes generated by several minor 
rivers that run through the Sulu islands (Figure 1b).   
 

 
Figure 7: Bicol River Basin. Gray marker represents location of 
the Bicol River Basin outlet. 

Correlations within the coasts of the Northern Bicol Shelf  
The Northern Bicol Shelf receives runoff from the Bicol River 
Basin, a major basin that drains into the San Miguel Bay (Figure 
7). The spatial extent of its influence can particularly be 
observed during months of high runoff, as depicted by the 
expansion of the nLw555 signal outwards from San Miguel Bay 
during December (Figure 6c). Despite this, the calculated 
correlations in the Northern Bicol Shelf had larger coverage of r 
values categorized as low when compared to coefficients of 
moderate correlation (Figure 3a). Hence, the enhancement of 
chlorophyll-a levels during the NEM season can be more 
associated with upwelling than increased runoff. Limited runoff 
influence can also be seen during the month of July, where the 
small spike in mean rates did not appear to manifest greatly in 
the chlorophyll-a data during a similar period. The positive 
correlations observed can be attributed more to coinciding 
seasonal patterns rather than a relationship between the two  
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Figure 8: December and September composites of climatological runoff, chlorophyll-a, and SST means within the coasts of the Northern 
Bicol Shelf. Left panel: September runoff (A), chlorophyll-a (B), and SST (C); right panel: December runoff (D), chlorophyll-a (E), and SST (F). 
Warmer color corresponds to higher chlorophyll-a concentration and temperature. SST maps were derived from the MODIS-Aqua sensor. 
Circle markers correspond to the outlet of several of the river systems identified in the site (Refer to Figure 1A).

parameters (Figure 3c). Peak rainfall months in a Type II climate 
also occur during the NEM season. 
 
Illustrating the observed patterns is Figure 8 which shows the 
composite runoff and chlorophyll-a images for December and 
September, representing the months with highest and lowest 
mean chlorophyll-a levels. There is a clear enhancement of 
productivity during the month of December, which extends even 
further from the shore. Upwelling in the Northern Bicol Shelf is 
suggested to be the result of the interaction of oceanographic 
processes driven by winds forced through the topography of the 
region (Amedo, Villanoy, and Udarbe-Walker 2002).  
 
 
CONCLUSIONS 
 
This paper described the relationship between the temporal 
patterns of chlorophyll-a and runoff in selected upwelling sites 
in the Philippines using linear correlation analysis. Prevailing 
oceanographic processes in each site provided important context 
to the resulting correlations. The enhanced productivity levels in 
the Sulu Ridge and Zamboanga del Norte during the upwelling 
season resulted in an inverse relationship between runoff and 
chlorophyll-a. Runoff rates that peak during the SWM season in 
Zamboanga del Norte appeared to slightly enhance riverine 
influence based on the 555 nm reflectance data studied, possibly 
contributing to the chlorophyll-a levels during the absence of the 

NEM. On the other hand, runoff had minimal effect on the 
productivity in the coastal areas of the Sulu Ridge due to the 
documented tidal actions that result in yearly persistent 
upwelling. The two parameters were found to follow similar 
seasonal patterns within the Northern Bicol Shelf, with the 
greater coverage of grids with weaker positive correlation 
coefficients suggesting that upwelling in this site contributes 
more to productivity than runoff. 
 
The productivity patterns described in this study have significant 
consequences on coastal ecosystems and fishery activities. Local 
and global climatic factors influence the occurrence of 
upwelling and runoff. Therefore, fisheries in these sites, such as 
the sardine industry in the Zamboanga peninsula, can be left 
vulnerable to climate change. Integrating fisheries data with 
prevailing productivity patterns to determine their spatial and 
temporal correlations, as well as the collection of finer resolution 
datasets to further assess the influence of river plumes on 
productivity are recommended for future work. 
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