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Abstract: The surface circulation in the Mozambique Channel changes from the northern part, where the system is under
dominance of the monsoons, to the central and southern parts, where mesoscale eddies are more frequent. Despite these
differences in the physics between the three regions, satellite-based primary production shows that the whole region is
characterized by similar seasonal variability of primary production, in which winter is the most productive season. A coupled
physical-biogeochemical model configuration applied for the Mozambique Channel is used to investigate how wind stress and
heat fluxes modulate seasonally and spatially the distribution of new and primary production in the region. Higher new
production integrated over the euphotic layer depth in winter accounts for about 50% of the total primary production in the
Mozambique Channel, indicating the seasonality of primary production is driven by new nutrients upwelled from bellow the
euphotic zone. During the other seasons of the year the depth-integrated primary production is low, which is the period when the
system depends on remineralization of the organic matter to sustain phytoplankton growth at the subsurface. Stronger wind stress
is the dominant surface forcing in the northern part of the Mozambique Channel, which is responsible for vertical advection and
entrainment of nitrate from below the euphotic zone that sustain the primary production during winter, while intense negative net
heat flux is the dominant forcing in the central/southern parts. However, it is important to note that mesoscale eddies also enhance
primary productivity in the region with a focus on the winter period.
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The surface circulations in the region are dominated by
mesoscale eddies moving from north to south, instead of a
continuous current located near the coast of Mozambique
[4-6]. With a diameter of about 300 km and moving at 3 to 6
km day ' [7], eddies in the region interact with the coastal
waters and than advect biogeochemical properties into the
mid-channel [8]. Due to nutrient-rich deeper water upwelled
by mesoscale eddies, these features are known to significantly
increase the biological activity in the open sea [9-11].

Recently, the Mozambique Channel has received
considerable attention in terms of studies on biophysical
interactions, however, the effects of physical forcing on the
primary production is still to be investigated. In situ
measurements indicate that primary production in the
Mozambique Channel varies from 0.11 to 0.50 g C m 2 day '
in the open ocean to > 1.0 g C m 2 day ' in the shelf [12].
Satellite estimations of surface biological production in the

1. Introduction

The Mozambique Channel is located between the countries
of Mozambique in mainland and the Island of Madagascar.
The main water masses that characterize the upper layers are
the Tropical Surface Waters (TSW, < 25 kg m™) and
Subtropical Surface Water (STSW, 25.8 kg m™) [1]. To the
north, warm and less saline surface waters of the TSW are
brought into the area by the South Equatorial Current [2]. The
transition zone between TSW and STSW occurs in the central
part of the channel at around 22°S, where vertical and
horizontal mixing modifies the two water masses. STSW
enters the Mozambique Channel from the southern part, where
salinity increases due to larger evaporation, which exceeds
precipitation, turning into a subsurface salinity maximum
when these waters subduct below the low-salinity water [3].
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whole region indicate a seasonal variation of the chlorophyll
concentrations in the Mozambique Channel, characterized by
higher rate in winter than in the other seasons [13]. The main
mechanisms proposed for the primary production variability
in the area are the wind field [14] and mesoscale eddies [15].
Apart from wind stress, vertical mixing associated with heat
loss during winter leads to a deeper mixed layer depth, thus
indicating its important role on the seasonal variability of the
surface chlorophyll concentrations in the northern
Mozambique Channel [16]. It is unknown, however, how the
mixing processes due to wind stress and heat fluxes affect
spatially and seasonally the distribution of depth integrated
primary production in the highly mesoscale eddies activity
region of the Mozambique Channel.

Thus, the present study investigates the driving mechanisms
of the seasonal and spatial distribution of new production and
primary production in the Mozambique Channel. The major
difference in physical forcing between the northern and the
other regions of the Mozambique Channel is the presence of
intense mesoscale eddies in the central and southern parts
while in north the circulation is strongly influenced by the
monsoons.

2. Methodology

Model configuration

The present study used outputs from Regional Ocean
Modeling System (ROMS; [17]) coupled to Pelagic Interaction
Scheme for Carbon and Ecosystem Studies (PISCES; [18, 19])
configured for the Mozambique Channel [16]. ROMS is a
free-surface, terrain-following vertical coordinates ocean model,
which solves primitive equations, based on Boussinesq and
Hydrostatic approximations. PISCES were used to simulate the
biogeochemical processes in the Mozambique Channel. 24
(twenty four) compartments compose this biogeochemical model,
which includes two phytoplankton compartments (diatoms and
nano-phytoplankton), and two zooplankton size classes
(meso-zooplankton and  micro-zooplankton). A higher
hydrodynamic configuration for Mozambique Channel is of
horizontal resolution of 1/12°, and has 40 sigma-coordinate
vertical levels, covering the geographic area limited by 5.3° to
32.9°S of latitude and from 34° to 68.1°E of longitude. The
bottom topography used for the configuration is derived from the
30 arc sec GEBCO (GEneral Bathymetric Chart of the Oceans:
http://www.gebco.net) dataset and has been smoothed in order to
avoid possible error in the horizontal pressure gradient. The
ROMS-PISCES configurations and descriptions for the
Mozambique Channel and the proper evaluations of the model
outputs are described in details in the previous study [16].

The study also used additional data derived from Vertical
Generalized Primary Production Model (VGPM) for
depth-integrated primary production [20]. VGPM is widely
used as an estimation of global primary production. It uses
variables such as temperature, surface chlorophyll and
photo-synthetically active radiation, all obtained from satellite
estimations. VGPM provides primary production integrated
over the euphotic layer depth and the data is available at
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http://www.science.oregonstate.edu/ocean.productivity.

3. Results and Discussion
3.1. Surface Wind Stress and Net Heat Flux Variability

The present study highlights the influence of wind stress
and neat heat flux in the seasonal and spatial distribution of
depth-integrated primary production in the Mozambique
Channel. Before the analysis of primary production variability
in the next subsection, a brief description of wind stress and
heat fluxes is presented in the following paragraphs.

The wind regime in the Mozambique Channel is seasonal,
marked by high values of wind stress in winter and low winds
in the summer period (Figure 1). The northern region of the
Mozambique Channel differs from the central and southern
parts due to the fact that the north is under the influence of
monsoons [2].

(a) Summer

0.12

Latitude

0.02

°
Wind stress [N m?]

Latitude
S
5

35%E 40°E  45°E 50
Longitude

__ - e |
35°E  40°E  45°E  S0°E  55°E
Longitude

Figure 1. The maps show the temporal and spatial variability of wind stress
(color) in the Mozambique Channel. The arrows indicate the wind direction.
The climatological data is derived from QSCAT dataset.

Monsoons in the Northern Mozambique Channel are
characterized by the seasonal change in the direction of the
wind, blowing from the north to northeast during the summer
(Figure 1-a) and from the south to the southeast in fall and
winter (Figure 1- b & c¢). The monsoon system that
influences the north of the Mozambique Channel up to 18°S
latitude is an extension of the monsoon winds of the northern
Indian Ocean.

The central and southern regions of the Mozambique
Channel are influenced by winds from the south/southeast,
prevailing in this direction throughout the year. Values of wind
stress in both central and southern regions are less than 0.1 N
m * and with slightly seasonal variability.

Similar to the wind stress, net heat flux in the Mozambique
Channel is also seasonal (Figure 2). During the summer
season, net heat flux is positive throughout the Mozambique
Channel. Contrary to summer, during the winter period the
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region is influenced by the negative heat fluxes. The
amplitude of the heat fluxes from winter to summer is more
than 100 W m %, with the largest difference occurring in the
southern part of the Mozambique Channel.
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Figure 2. Variability of surface net heat flux used in the ROMS configurations
for the Mozambique Channel
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Figure 3. Depth-integrated primary production (PP) in the Mozambique
Channel derived from Generalized Primary Production Model (VGPM). The
PP in the domain is characterized by higher production rates in winter (c) and
lower in summer (a). The intermediate values are verified in fall (b) and
spring (d) periods.

3.2. Primary Production

Depth-integrated primary production derived from VGPM in
the Mozambique Channel indicates a clear seasonal cycle in the
region, with higher production rates in winter, followed by
intermediate rates in spring and fall and a minimum production
rates in summer (Figure 3). There are slightly differences in
primary production values between the northern part and rest of
the channel, where the central and southern parts are the most
productive areas than north, with almost double of the
concentrations. These differences may be associated with intense
mesoscale activity in the central region. As mesoscale eddies
propagate from north to south, they interact with the coast
exchanging nutrients that are than advected offshore and utilized
to enhance the biological production [15].

ROMS-PISCES captures much of the spatial distribution of
depth-integrated primary production in the entire domain (Figure
4) showing good agreement with the depth-integrated primary
production derived from VGPM. However, there are slightly
differences between ROMS-PISCES and VGPM, particularly
near coastal areas where the biogeochemical model
underestimates primary production. These differences in the
magnitude of primary production near coastal areas are partially
attributed to the absence of nutrients from river discharge, which
are not included in the model configurations. The Sofala Bank
(18-20°S) is an example of a productive area where biological
activity depends strongly on the Zambezi river flow [21].

The model also underestimates the primary production during
summer, which can be attributed to the wind field used to force
the model. The realistic temporal variability of wind stress that is
fundamental for mixing oceanic properties such as nutrients is
not included in the climatology forcing used in the model.
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Figure 4. Maps showing the spatial distribution of primary production in the
Mozambique Channel obtained from ROMS-PISCES, in summer (a); fall (b);
winter (c); and spring (d).
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New production integrated over the euphotic layers in the
Mozambique Channel (Figure 5) also displays the similar
seasonal variations of primary production and the estimations
from VGPM. New nitrate-based primary production accounts
for about half of the primary production in the vast area of the
Mozambique Channel. The close relationship between new
production and primary production in the region highlights the
importance of new upwelled nitrate availability on the
seasonal variability of biological production in the region. A
brief analysis of time-depth nitrate concentrations variability
is performed in the tree different regions of the Mozambique
Channel.
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Figure 5. Same as figure 4, but for new production.

Time-depth evolution of the nitrate variability is evaluated
by averaging its concentrations in the northern (12-14°S, and
42-44°E), central (18-20°S and 40-42°E) and southern
(22-24°S and 40-42°E) parts of the Mozambique Channel.
High values of nitrate concentrations in winter are verified in
the three regions indicating that the system at large extent
shifts from ammonium based primary production during the
other seasons to nitrate based primary production in winter
(Figure 6, color).

However, the physical mechanism that drive the seasonal
variations of nitrate concentrations differ in the central part of
the Mozambique Channel, when compared to north and south.
The model revealed a clear seasonal signal for mixed layer
depth in the northern and southern parts of the Mozambique
Channel that is deeper in winter, while variability in the
central sector appears to be affected by mesoscale eddies
(Figure 6, dashed).
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3.3. Driving Mechanism of the Spatial Variability of Primary
Production

The mechanisms that control the spatial distribution of
primary production in the Mozambique Channel are analyzed
using model results from two additional sensitivity
experiments with the reduction of wind stress (NOWIND) and
heat fluxes (NOHEAT) fields to 1% of the original values.
Values of PP from the two sensitivity experiments are
contrasted to the equivalent climatological simulation of wind
stress and net heat flux (CTL), where both surface forcing
were kept unchanged. Higher values of the relative difference
between CTL and NOWIND indicate that the wind stress is a
dominant driving mechanism of depth-integrated PP in north,
while its influence decreases with latitude toward central and
southern parts of the channel (Figure 7-c). The apparent small
contribution of wind stress in south and center should be
attributed to weaker winds variability used in the model
configuration (Figure 1). There is a slightly increase in PP
during winter in the southern tip of Madagascar due to wind
stress, in agreement with previous analysis in the region [22].
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Figure 6. Time-depth evolution of nitrate (colored) overlaid by Mixed Layer
Depth (m) representing the (a) northern, (b) central, (c) southern parts of the
Mozambique Channel.

In summer, the effects of winds on PP is weaker (Figure 7-a)
suggesting that much of the production rate is confined to
subsurface waters, where phytoplankton biomass is high due to
abundance of light from above and nutrients from below the base
of nutricline. In fall, when the winds start strengthening as well as
in spring when winds decay, the influence of surface wind stress
on the distribution of primary production is seen mainly in the
central part of the Mozambique Channel (Figure 7-b & d).
Physical processes such as entrainment in fall and detrainment in
spring might slightly enhance the primary production at lower
rate. But, detrainment is less productive since it is not
accompanied by nitrate uplift to surface layer [23].
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Figure 7. Relative difference (%) between CTL and NOWIND experiment
(CTL- NOWIND/CTL*100), displaying the spatial and seasonal distribution
of the wind contribution to integrated PP over the euphotic layer depth in the
Mozambique Channel.

Unlike the wind that dominates the northern region, net heat
flux has a major influence in the central and southern parts of
the Mozambique Channel during winter (Figure 8-c),
following the intense heat loss, which increases with latitude
at the same period (Figure 2). However, the relatively high
production might also be enhanced by mesoscale eddies which
are frequent in the central part of the Mozambique Channel.
The relationship between mesoscale eddies and the spatial and
temporal distribution of phytoplankton in the area is assessed
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Figure 8. Same as figure 7, but for the net heat flux experiment (NOHEAT)

The effect of heat fluxes on the primary production during
summer and spring is negligible (Figure 8-a & d), which is the
period when the water column is highly stratified. At this time,
a loss of surface heat fluxes might be associated with the wind
stress field, where relatively strong magnitudes could result in
low values of sea surface temperature. As in the NOWIND
experiment, NOHEAT indicate that heat fluxes have a
considerable contribution for phytoplankton growth in fall,
which is because of entrainment of nutrients during the onset
of the deepening of the mixed layer depth.
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Figure 9. 2-Days snapshot displaying the relationship between EKE at the surface and the concentrations of nitrate and phytoplankton biomass in the three

regions of the Mozambique Channel.
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3.4. Effects of Mesoscale Eddies on the Temporal Variation
of Phytoplankton

The contribution of mesoscale eddies for phytoplankton
variability is assessed at fixed locations mentioned in Figure 6
for the northern, central and southern parts of the Mozambique
Channel, except that for the analysis in this subsection the data
is averaged only over the longitude. A time evolution of surface
phytoplankton and nitrate concentrations is related with eddy
kinetic energy (EKE) for the three regions of the Mozambique
Channel. The analysis is important to understand the role of
mesoscale eddies on the seasonal variability of phytoplankton
biomass in the Mozambique Channel.

The analysis revels that there is a close relationship between
high EKE values and enhanced phytoplankton biomass in the
Mozambique Channel, with focus in the north (Figure 9 - a, d
& g) and central (Figure 9-b, e & h) parts, but slightly relation
in the south (Figure 9 - ¢, f & i). The processes in which
mesoscale eddies are responsible for anomalous
phytoplankton growth include nitrate injection into the
euphotic layer depth through vertical advection of
nutrient-rich water from bellow the nutricline [24] and
horizontal advection of nutrient-rich waters from coastal areas
to open ocean [25]. The enhanced phytoplankton
concentration due to the presence of mesoscale eddy in the
region is clearly evident in the winter period. During summer,
mesoscale eddies increased fairly the phytoplankton
concentrations. Indicating that the occurrence of mesoscale
eddies causes anomalous intensification of phytoplankton
concentrations with no influence on the seasonality of primary
production in the Mozambique Channel. The result
emphasizes the importance of net heat flux in regulating the
peak of primary production in the region.

4. Conclusions

In the present study, two sensitivity experiments, NOWIND
(an experiment with reduced wind stress) and NOHEAT (an
experiment with reduced net heat flux) are contrasted with the
climatological experiment, CONTROL (all surface forcing are
included in the model) in order to evaluate the contribution of
wind stress and net heat flux on the spatial and temporal
variability of depth-integrated primary production in the
Mozambique Channel, an area characterized by intense
mesoscale eddies activity.

Overall, the total primary production integrated over the
euphotic layer depth in the Mozambique Channel revealed
similar seasonal variability as the new primary production, with a
higher production rate in winter, followed by intermediate rate in
spring and fall and a minimum production rate during summer.
The primary production is about twice the new production during
winter in the Mozambique Channel. This indicates that the
seasonality of primary production in surface depends on new
upwelled nitrate from bellow the euphotic zone during winter (f
-ratio of about 0.5) and the other periods the primary production
is based on regenerated nitrate (ammonium).

Seasonal and Spatial Variability of Primary Production in the Mozambique Channel

Wind stress is the dominant mechanism driving the elevated
nutrients that sustain primary production in north during
winter than in central and southern parts of the Mozambique
Channel, while net heat flux had a major influence in the
southern part. The study also highlights that mesoscale eddies
enhanced the primary production in the region especially
during the winter period, but not for the seasonal signal.
Contrary to the wintertime, mesoscale eddies increased
slightly the phytoplankton concentrations during summer.

The finding of the present study highlights the need of
incorporating an appropriate representation of surface dynamics
in the regional oceanic models in order to better understand the
biogeochemical processes in the ocean. The next step is to test
the combination of high temporal surface forcing of winds and
heat fluxes in the ROMS-PISCES configuration for the
Mozambique Channel for better representation of the physical
and biogeochemical properties in the region.
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