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Abstract

A study on the vertical pattern of chlorophyll-a (Chl-a) fluorescence was undertaken in the Mafia Channel off

Kimbiji, Tanzania. Data was collected during the Southeast Monsoon (SEM) and Northeast Monsoon (NEM) seasons.

There was higher Chl-a concentration of 0.1 to 1.1 mgm in the surface layer off Kimbiji to about 50 m depth due

to the presence of mixed layer depth (MLD) which allowed water mixing in the layer. A deep Chl-¢ maximum was

recorded at around 40 m depth during the NEM and between 40 and 70 m in the SEM. Surface water between lon-
gitude 39.9°E and 40.2°E had low Chl-a from the surface to about 50 m depth due to poor nutrient input. The NEM
had an insignificantly higher Chl-a value than the SEM (p > 0.05) which differed from other studies in which Chl-a
was higher during the SEM than the NEM, than, the Chl-a concentration was higher at the surface during the SEM
than during the NEM. Satellite data showed higher Chl-a in the SEM than NEM, localized along the Mafia Channel.
During the SEM season the wind pushes higher Chl-a water from the Mafia Channel towards the north and leads to

a higher concentration at Kimbiji.
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Introduction

Phytoplankton are microscopic free—floating aquatic
plants. They possess chlorophyll-a, a green pigment
that absorbs light from the sun and converts it into
energy through the photosynthetic process (Peter,
20138; Peter et al., 2018; Semba et al., 2016). The con-
centration of organic carbon associated with phyto-
plankton (usually expressed as mgm-?) is commonly
used to express the amount of phytoplankton (Cul-
len, 1982). Phytoplankton account for about half of
global primary production (Boyce et al., 2010). They
also serve as primary producers in marine environ-
ments and form the base of most aquatic food webs
(Kyewalyanga et al., 2007; Semba et al., 2016). Phyto-
plankton provides food for herbivorous zooplankton
and other invertebrates, fishes and large mammals,

including whales (Roy, 2009). Further, phytoplank-
ton regulates climate processes and bio-geochemical
cycles through the carbon cycle (IPCC, 2014).

Chl-a found in phytoplankton is used as a proxy to
determine the concentration of these microscopic
plants in coastal and marine waters. Normally, sur-
face waters have high Chl-a concentrations and thus
contribute significantly to ocean productivity. How-
ever, high Chl-a concentration is not always found in
the surface waters; sometimes they are subsurface, at
greater depths, especially in areas with strong thermal
stratification (Cullen, 1982). This type of Chl-a peak is
referred to as the deep chlorophyll maximum (DCM)
or subsurface Chl-a maximum. In the Western Indian
Ocean, the DCM is reported to occur at around 50-75
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m depth (Conkright et al., 1998; Owens et al., 1998;
Wiggert et al., 2006).

The DCM is very important in ecology since it contains
much of the world’s primary production and facili-
tates nutrient cycling. This layer is an important food
source for consumers as it has a higher concentration
of primary producers at one location in the water col-
umn. In nutrient poor waters, the DCM accounts for
more than half of the overall primary production due
to phytoplankton growth (Macias et al., 2014; Weston
et al., 2005). A high rate of primary production in the
DCM facilitates nutrient cycling to higher trophic lev-
els in the mixed layer. Studies shows that the DCM
occurs at the same depth as the nutricline (Estrada
et al.,19938), thus phytoplankton at this layer can obtain
nutrients coming up from deep waters. Phytoplankton
in the DCM can then cycle back up the water column
providing nutrients for other organisms in the mixed
layer (Cullen, 2015). The DCM is therefore associated
with predator-prey interactions, energy and biomass
flow and biogeochemical cycles within the ecosys-
tem (Leach et al., 2018). Since most parts of Tanza-
nian coastal waters are nutrient poor and have olig-
otrophic characteristics, primary production might
be concentrated in the subsurface waters, at the DCM.
Thus, studies on vertical distribution of Chl-a and the
dynamic of the DCM are important in understanding
productivity potential in Tanzania coastal waters.

Until recently, most studies conducted in the coastal
waters of Tanzania focused mainly on the abundance
of phytoplankton in surface waters. For example
(Lugomela et al., 2002) examined biomass of colony
forming Trichodesmium species and found higher bio-
mass during the NE than the SE monsoon season.
A study by Peter (2013) found higher Chl-a concen-
trations during the rainy season as compared to the
dry season in the Zanzibar and Pemba Channels.
Another study by Semba et al. (2016) assessed how the
decrease in phytoplankton biomass in the Rufiji-Ma-
fia Channel impacts on prawn catches. They found
that the decline in Chl-a concentration was associated
with the decrease in prawn catch in the Rufiji-Mafia
Channel. Also, a study by Peter et al. (2018) showed
how physical-chemical variables influence the spatial
and seasonal variation of Chl-a in the coastal waters
of Unguja, Zanzibar. They revealed that ammonia and
nitrate were the major drivers of high Chl-a during the
SE monsoon as compared to the NE monsoon sea-
son. Other studies used ocean colour satellite images
and found that Chl-a levels are usually below 1 mgm-?
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(Barlow et al., 2011) and there is considerable variability
with seasons in Tanzania waters (Semba et al., 2016).

These previous studies widen our understanding
of the dynamics of phytoplankton and Chl-a in the
coastal and marine waters of Tanzania. However, these
studies focused on phytoplankton at the surface of
the ocean. Knowledge about vertical distribution and
seasonal variability of Chl-a in coastal waters of Tan-
zania is lacking. Also, there is paucity of knowledge
on forces that control phytoplankton abundances.
Preliminary investigations of the vertical structure
of Chl-a and environmental variables (temperature,
salinity) were undertaken during the Tanzanian leg
of the Second International Indian Ocean Expedi-
tion (IIOE-2) in early November 2017 and June 2018.
This study intended to investigate: (1) vertical varia-
tion in Chl-a concentration off Kimbiji during the two
monsoon seasons; (2) seasonal variation in the mixed
layer depth; and (3) environmental factors influencing
seasonal variation in Chl-a concentration off Kimbiji.

Materials and methods

Study area

This study was conducted in the coastal water off
Kimbiji, located between longitude 39.3°E and 40.3°E
and latitude 8°S and 6.8°S (Fig. 1). The area is about 40
km southeast of Dar es Salaam’s city center and bor-
dered by the Mafia Channel in the south. The area was
selected because there were no phytoplankton records
for this site. The other reason for picking this area was
because the area contains two transect with hydro-
graphic profile data of temperature, oxygen, salinity,
chlorophyll fluorescence and turbidity recorded during
the 2017 and 2018 International Indian Ocean Expedi-
tion 2 (IIOE-2). The first transect has four sampling sta-
tions recorded during the SE monsoon season of 2018,
while the second transect has eight sampling stations
with similar profiles as the first transect recorded dur-
ing the NE monsoon season of 2017 (Fig. 1).

The monsoon season influences the climate of the
study area. The NE monsoon season runs from
November to March and the SE spans from May to
September (Semba et al., 2019). The monsoon seasons
have a marked effect on air and water temperature,
winds and rainfall (Mahongo et al., 2011; Richmond,
2011). Winds are a particularly important feature of
the Western Indian Ocean, driving water circulation
and affecting wave action, local climate, biological
processes and human activities (Richmond, 2011).
The trade winds are steady and light, blowing from the
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northeast towards the southwest at about 5 ms™ dur-
ing NE monsoon season. The NE monsoon is associ-
ated with the short rainy period (October—December).
The long rainy season begins after the NE monsoon
season from March to June. Trade winds reverse dur-
ing the SE monsoon and blow from the southeast
towards the northwest at a relatively strong speed of
about 9 ms’, associated with cooler temperature and
rough ocean. During April and October the ocean is
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fall below 20 °C and the seawater temperature reaches
a minimum of 25 °C in September and maximum of
29 °C in March (McClanahan, 1988; Peter, 2013).

Data collection

Conductivity-temperature—depth (CTD)

Data for this study was collected during the 2017 and
2018 International Indian Ocean Expedition 2 (IIOE-
2) onboard Agulhas II, respectively for the NE and SE
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Figure 1. Map showing the location of the transect off Kimbiji located on the northern side of the Mafia
Channel. The grey solid lines are contours at 50 m interval and solid black lines are contours at 200 m.
The black filled points show the stations for the NE monsoon and the black hollowed points show stations
for the SE monsoon season. The inset map shows the location of the study area in the coastal waters of

Tanzania.

calm, with moderate temperatures forming during the
inter-monsoon seasons. The seasonal reversal of mon-
soon winds influences phytoplankton distribution in
this region (George et al., 2013; Mahongo et al., 2011;
Richmond, 2011). The reverse of the monsoon winds
regulates mixing in the ocean that affects nutrient flux
across the thermocline and the distribution of Chl-a
concentration. Air temperature in the study area rarely

monsoon seasons. Data for the NE and SE monsoon
seasons were collected in November 2017 and June
2018, respectively, with all samples taken from the
coastal waters of Tanzania. The vertical profile of tem-
perature and fluorescence were recorded with a CTD
(Seabird 11 plus, Seabird Electronics, USA). The spatial
information of the sampling locations is shown in Fig-
ure 1 and Table 1.
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Table 1. Table showing location of the CTD cast off the Kimbiji transect.
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Date Time Longitude Latitude
2017-11-05 23:29:37 40.2117 -7.0525
2017-11-06 08:57:19 40.1283 -7.0543
2017-11-06 05:26:03 40.0407 -7.0587
2017-11-06 08:00:43 39.9592 -7.0600
2017-11-06 09:25:07 39.8750 -7.0642
2017-11-06 14:52:20 39.7897 -7.0658
2017-11-06 16:07:12 39.7095 -7.0710
2017-11-06 18:47:34 39.6238 -7.0755

Surface drifters

Drifter data was used to assess the influence of ocean
currents on the seasonal and spatial distribution of
Chl-a fluorescence. Drifter data was obtained from
the Global Drifter Program as a text file and was used
to compute surface current speed and direction in the
study area. The ocean currents were then grouped and
averaged between the NE and SE monsoon.

Satellite data

To complement distribution of Chl-a both in space
and season, satellite derived chlorophyll data was
used. The level 8 monthly Chl-a concentrations were
downloaded from MODIS with a spatial resolution of
4 km from September 2017 to August 2018. To under-
stand the association between Chl-a and sea surface
temperature (SST), sea surface temperature with the
same resolution and time period was downloaded
from MODIS. Surface wind data was also downloaded
from QuikSCAT.

Data processing

The raw CTD data was converted to the .cnv file format
using the Sea Bird (SBE) software and then processed
in R-language using the oce package (Kelly and Rich-
ards, 2018). Because of the large number of profiles,
the processing of CTD data was iterated. The process
involved several steps. First, a list of all CTD files in
the working directory was created in the R-working
directory using the dir() function. Second, a dummy
file that stored CTD files was then constructed using
the list() function. After that, each file in the working
directory was imported with the read.ctd() function.
Only the downcast values of the CTD profiles were
used for analysis.

To determine the mixed layer depth (MLD), the
method described by (Chu and Fan, 2010) was applied.
Here, successively deeper data points in each of the
profile potential temperatures is examined until one
is found with a potential temperature value differ-
ing from the value at the 10 m reference depth by
more than the threshold value (§T) of + 0.5 °C. 0.5 °C.
To understand the influence of vertical structure, fluo-
rescence profiles were divided into stratum of 50 meter
intervals from the surface to 200 meter depth. The dif-
ference in mean Chl-a concentration between seasons
and among strata was computed with general linear
modelling and the multiple comparison between the
seasons was calculated with Tukey’s HSD test.

The monthly satellite sea surface temperature (SST)
and Chl-a as well as wind speed and direction were
converted into tabular data and averaged for the NE
and SE monsoon seasons. The average SST and Chl-a
were used to map distribution patterns of tempera-
ture and Chl-a both in space and season in the study
area. The surface current, wind speed and direction
were overlaid into seasonal maps of temperature and
Chl-a to examine their influence on the distribution
of temperature and Chl-a within the study area. Drift-
ers were also aligned to the NE and SE monsoon sea-
son and mapped against the Kimbiji transect to exam-
ine the pathway of surface water across a transect. The
data processing, analysis, plotting and mapping was
done in the R environment.

Results

Vertical profiles of temperature and Chl-a

The vertical profiles of Chl-a and temperature dur-
ing the NE and SE monsoon seasons off the Kimbiji
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Figure 2. Vertical profiles of in-situ a) chlorophyll-a, and b) temperature off the
Kimbiji coast measured in November 2017 (NE) and June 2018 (SE).

coast near longitude 89.7095°E. and latitude7.0755°S
are shown in Figure 2a and 2b. Chl-a profiles showed
a marked difference during the two monsoon seasons
(Fig. 2a). Figure 2 indicates that while the surface water
has almost uniform temperature, Chl-a values differ
with season. Chl-a profiles at Kimbiji show lower val-
ues at the surface with concentration values of less than
0.1 mgm during the NE monsoon season and about
0.17 mgm in the SE monsoon season (Fig. 2a). These
values were uniform to about 20 m depth, where they
started to increase sharply and reached a maximum
concentration of 0.44 mgm= at 40 m depth during
the SE monsoon season. There was a slow decline in
concentration from 40 m to 80 m depth where Chl-a
started to decline sharply reaching nearly O mgm-?

Water Depth (m)

39.65°E

39.75°E

at the bottom in the SE monsoon season. During the
NE monsoon, Chl-a concentration increased sharply
from about 0.02 mgm- at the surface to a maximum
concentration of about 0.7 mgm™ at 50 m depth at
Kimbiji (Fig. 2a). Chl-a then decreased sharply from
0.7 mgm= at 50 m to about 0.19 mgm at 100 m
depth and remained relatively low and constant with
increasing depth, reaching nearly O mgm- at the bot-
tom in the NE monsoon. Chl-a was slightly higher
in the upper 80 m during the SE monsoon (mean +
SE = 0.222 + 0.0555) than during the NE monsoon
(0.198 £ 0.075) (t = -0.26, df = 5.53, p = 0.80; Fig. 2a).
However, in the 30-80 m water layer, Chl-a values
were significantly higher during the NE monsoon
season (0.59 + 0.05) than during the SE monsoon

Chlorophyll —a (mgm )

39.62°E 39.78°E

Figure 3. Longitudinal cross-section of chlorophyll-a within a 200 meter water column off Kimbiji
during a) the NE and b) SE monsoon season. The black dotted lines show the location of the MLD for

each season.
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Figure 4. Chlorophyll-a distribution along the Kimbiji transect stratified into depth
groups during a) the NE and b) SE monsoon seasons.

(0.41 £0.01) (t = 3.68, df = 5.51, p = 0.01). The temper-
ature profiles indicate that water temperatures were
slightly higher during the NE monsoon season with
nearly uniform water temperatures from the surface
to about 80 m depth (Fig. 2b). Water temperature
decreased gradually from ~28 °C near the surface to
about 25 °C at about 80 m depth and then decreased
sharply to about 14 °C at 120 m, followed by a gradual
decrease to the lowest temperature at 240 m.

Seasonal cross-sections of Chl-a

To address the effect of physical processes on Chl-a
distribution off Kimbiji, the vertical distribution of
Chl-a in the upper 200 m of the water column and
the mixed layer depth were analyzed during the
SE and NE monsoon season. Figure 3a and b show
that the vertical structure of Chl-a concentration
varies with monsoon season and depth. During the
NE monsoon, the water from the surface to about
75 m depth has relatively higher Chl-a concentra-
tions ranging between 0.1 and 1.1 mgm (Fig. 3a).
The values for Chl-a concentration then increased
with depth from the coastline toward offshore (Fig.
3a). The bottom water above 90 m was relatively low
in Chl-a concentration and ranged between 0.01 to
0.2 mgm! (Fig. 3a). Similarly, during the SE mon-
soon season, water had a Chl-a concentration rang-
ing between 0.5—-0.8 mgm along the transect from
the surface to about 75 m depth (Fig. 3b), with peak
values near longitude 39.68°E. The concentration of
Chl-a was below 0.3 mgm for water above 90 m
depth (Fig. 8b). The mixed layer depth (MLD) pat-
tern varies between the NE (Fig. 3a) and SE (Fig. 3b)
monsoon seasons. The MLD during the NE mon-
soon ranged between 22.2 and 49.8 m depth with
the MLD of about 42 m with a maximum Chl-a

concentration (-1.08 mgm2) (Fig. 3a). During the
SE monsoon, the MLD ranged between 20 to 70 m
and there was an unclear pattern between MLD and
Chl-a concentration (Fig. 3b).

Seasonal and depth variation of Chl-a

Figure 4a and b show the Chl-a concentration along
the transect divided into four depth groups during
the two monsoon seasons. During the NE monsoon
season, the stratum below 50 m depth had relatively
higher Chl-a concentration (0.5-0.9 mgm-?) followed
by the 50-100 m strata (0.28 and 0.35 mgm-?). The
remaining two water layers (100-150 and 150-200 m
depth) had low concentrations below 0.2 mgm- (Fig.
4a). Similarly, the SE monsoon had higher Chl-a con-
centrations in water below 50 m depth, which ranged
between 0.35 and 0.7 mgm™ compared to the other
depth strata (Fig. 4b). The 50-100 m stratum had
slightly lower concentrations than the surface stra-
tum. The 100-150 and 150-200 m strata had concen-
trations below 0.1 mgm3.

Figure 5a and b show seasonal variation of Chl-a
concentrations within the upper 50 m (Fig. 5a) and
50-100 m water layers (Fig. 5b). Both strata had insig-
nificantly higher Chl-a concentration during the NE
as compared to the SE monsoon season (t = -1.053, p
= 0.3). However, the concentration of Chl-a at station
2 of the 50-100 m water layer was relatively higher
during the SE monsoon (-0.58 mgm) than during the
NE monsoon season (~0.84 mgm).

Seasonal temperature cross section

Figure 6a and b show the vertical structure of temper-
ature off the Kimbiji transect in relation to monsoon
seasons. In both the NE and SE monsoon season, the
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Figure 5. Mean and standard error of chlorophyll-a concentration at Kimbiji divided into strata of
a) surface to 50 meter depth, b) 50-100 meter for the NE and SE monsoon seasons.

surface water layer below 75 m depth was very warm
(26-28 °C) compared to bottom waters (Fig. 6). How-
ever, surface water temperature during the NE mon-
soon (Fig. 6a), was slightly higher (-28 °C) than that of
the SE (~27°C) monsoon season (Fig. 6b). The thermo-
cline during the NE monsoon was shallower at around
80 m depth indicated by a sharp decrease in tempera-
ture from 24 to 18 °C. Below the thermocline, temper-
ature decreased gradually from 18 °C to 14 °C at 200
m. For the SE monsoon season, the thermocline was
present at about 100 m depth (Fig. 6b), below which
temperature decreased to the lowest (16 °C) at 200 m.

Seasonal and spatial variation of surface

Chl-a and SST

The MODIS satellite data was used to map seasonal
distribution patterns of surface SST and Chl-a within
the study area. Figure 7 shows that the SE monsoon
had a relatively higher Chl-a concentration (Fig. 7b)

Water Depth (m)

39.65°E 39.75°E

than the NE monsoon season (Fig. 7a). The nearshore
waters within the Mafia Channel had higher Chl-a con-
centrations than those further from the coastline (Fig.
7a and b). The wind vector arrows show a north-west-
erly direction during the SE monsoon which pulls the
channel water northwards spreading high Chl-a water
in the channel and even further north off Kimbiji (Fig.
7b). The reversal of wind direction to south-westerly
during the NE monsoon prevents the productive
waters in the Mafia channel from moving further
north, thus making the water off Kimbiji less produc-
tive at this time (Fig. 7a).

Figure 8a and b show the sea surface temperature pat-
terns over season and space, indicating that the NE
season has warmer temperatures (Fig. 8a) than the SE
monsoon season (Fig. 8b). During the NE, SST ranged
between 28 and 31° C, which was relatively higher
compared to the 26 to 28° C observed during the SE

b) 28
24 &
2 0
3
) 20 ©
18 &
16 5
1 [
l 14
12

39.65°E 39.75°E

Figure 6. The hydrographic section of temperature at Kimbiji during a) NE and

b) SE monsoon seasons.
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Figure 7. The seasonal surface chlorophyll-a overlaid on wind vectors of trade
winds during a) the NE and b) SE monsoon seasons. The black solid line represents

the isobaths at 200 m.

monsoon season. Furthermore, patches of very high
temperature of about 31°C was observed off thet Rufiji
River delta during the NE monsoon season (Fig. 8a).

Figure 9a and b show the seasonal averaged surface
currents of the East Africa Coastal Current (EACC).
The surface current shows northward propagation
during the NE (Fig. 9a) and SE monsoon seasons (Fig.
9b). The pathways of the EACC align well with water of
low Chl-a concentration and mark a clear distinction
between the high and low Chl-a waters during the NE
and SE monsoon season (Fig. 9a and b), respectively.

The vertical section in Figure 10 shows a cross—section
of Chl-a along the transect presented in Figure 9. It
shows that surface water within the path of the EACC

(between longitude 39.8°E and 40.2°E) has relatively
low Chl-a values compared to the coastal waters (lon-
gitude below 39.8°E).

Discussion

This study provides information on the vertical distri-
bution of Chl-a in coastal marine waters of Tanzania.
The study reports for the first time on the presence
of a seasonal subsurface peak of Chl-a concentration
in these waters. High surface Chl-a values were meas-
ured during the SE monsoon season unlike during the
NE season, where the Chl-a concentration was slightly
low (Fig. 2). Also, for the first time, this study relates
Chl-a concentrations to the effect of the EACC where
it was found that Chl-a was appreciably lower within
the limits of this important current, regardless of
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Figure 8. The seasonal surface temperature overlaid on wind vectors of trade winds
during a) the NE and b) SE monsoon seasons. The black solid line represents the

isobaths at 200 m.
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Figure 9. Vector arrows showing the speed and direction of East African Coastal
Current (EACC) superimposed on surface chlorophyll-a during a) the NE and
b) SE monsoon season. The black solid line represents the isobaths at 50 m.

season. In contrast, however, the nearshore areas had
relatively higher Chl-a concentrations, attesting to the
oligotrophic nature of the EACC, which is known to
transport nutrient-poor water throughout the year
(Mahongo and Shaghude, 2014).

The subsurface waters below 75 m depth off Kimbiji
had relatively higher Chl-a values, which ranged
between 0.1 and 1.1 mgm- during the NE and SE mon-
soon seasons (see Fig. 3). However, Chl-a values were
relatively lower during the SE monsoon than during
the NE monsoon season. Vertical distribution of Chl-a
is governed by the thermal structure of the water
column (Fig. 2) and other factors facilitating vertical
mixing (Valenti et al., 2015) such as vertical diffusivity
which allows nutrients across the thermocline, light
penetration or availability, nutrients availability in the
productive layer (Cullen, 1982), and the variability of
the mixed layer (see Fig. 3; Cullen ,1982; Valenti et al.,
2015). Nevertheless, the Chl-a maximum (DCM) was
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found close to 40 m depth and between 40 and 80 m
during the NE and SE monsoon seasons, respectively.
This is similar to the DCM depth reported in subtrop-
ical waters of the Western Indian Ocean (Conkright
et al., 1998; Owens et al., 1993; Wiggert et al., 2006).
However, shallower DCM depths ranging between 25
and 47 m have been reported in the Bering Sea, and
that currents, rather than nutrients, were the main
driver of Chl-a spatial distribution (Cullen, 1982).

While nutrient concentration and light intensity may
govern the vertical distribution of Chl-a in the marine
environment, internal wave oscillations and Lang-
muir circulations have been shown to determine the
dynamics of Chl-a within the thermocline and in the
upper 5 m of the water column, respectively (George
et al., 2013). Also, Valenti et al. (2015) observed that
while light is plentiful in surface waters, nutrients
become a limiting factor for phytoplankton growth
because of poor mixing. Similarly, at depths, light
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Figure 10. Hydrographic section showing chlorophyll-a concentration in the

water column along the transect off Kimbiji.
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becomes limiting while nutrient concentrations are
high maintaining an increase in Chl-¢ within the
photic layer (Cullen, 1982; Valenti et al., 2015).

Chl-a concentration showed significant seasonal var-
iation in different water layers (Fig. 4). The surface
water layer (below 50 m) had the highest Chl-a con-
centration, followed by the water layer within 50-100
m (Fig. 4a and b), while water above 100 m depth had
the lowest Chl-a values (Fig. 4). The reason for higher
Chl-a concentration at these two surface strata is
because the MLD is located within these strata; that is
at 22.2 to 49.8 m and 20 to 70 m depth during NE (Fig.
8a) and in SE monsoon season (Fig. 8b), respectively.
The MLD is important as it helps nutrient enrichment
to the surface thereby increasing Chl-a concentration
and also allows phytoplankton distribution in the
mixed layer (George et al., 2018; Vinayachandran and
Saji, 2008; Waliser et al., 2005)

It was surprising that the NE had an insignificantly
higher Chl-a value than the SE monsoon season for
water below 50 m and between 50 and 100 m (Fig. 5a
and b; p > 0.05). This finding is opposite to previous
studies, which found a higher Chl-a value during the
SE as compared to the NE monsoon season (Limbu
and Kyewalyanga, 2015; Peter et al., 2018; Semba et al.,
2016). While these previous studies focused on Chl-a
variation at the surface of the ocean (less than 5 m
depth), the present study dealt with Chl-a throughout
the water column which had higher subsurface Chl-a
concentration in the NE than SE monsoon season. This
might account for the difference observed (Fig. 2).

Contrary to the hydrographic section of Chl-q, the
surface Chl-a value from the satellite clearly showed
the SE season had relatively higher Chl-a value than
the NE monsoon season (Fig. 7). The Chl-a pattern
over the study area indicates a relatively higher value
in the Mafia Channel, which is confined within shallow
waters below 200 m depth (Fig. 7). The relatively colder
waters and northwesterly wind (Fig. 8b) during the SE
monsoon season provides sufficient surface mixing
which is conducive for elevated productivity in this
area. This productive water is pushed northwards by
the trade winds during SE monsoon season and trans-
ports high Chl-a concentration waters towards the
Kimbiji segment (Fig. 7b). However, the reversing wind
during the NE monsoon season prevents transport of
high Chl-a value water toward the Kimbiji segment,
leading to a low value of surface Chl-a at this time of
the year (Fig. 7a). The Mafia Channel is unaffected by
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the EACC, which passes in waters deeper than 200 m,
just offshore of Mafia Island. A previous study in the
Mafia Channel indicated similar findings and found
nutrient input from the Rufiji River to be important
in this area (Semba et al., 2016).

Although the surface water is well lit, the water
between longitude 39.9°E and 40.2°E has relatively
low Chl-a value from the surface to nearly 50 m depth
(Fig. 10). This indicates that less—productive surface
water along this section is mainly caused by the flush-
ing of nutrient—poor, high salinity, and relatively
warm water (Figure Al), which is dragged across the
area by the EACC (Fig. 9). However, high Chl-a values
recorded at stations close to the coast are supported
by both the hydrographic section (Fig. 10) and surface
Chl-a from satellite data (Fig. 7).

Information on the vertical distribution pattern of
Chl-a in Tanzanian coastal and marine waters is lim-
ited, partly due to the absence of reliable data from
within the water column. Missions such as the RV Algoa
cruise and the second International Indian Ocean
Expedition conducted in the Western Indian Ocean
provided the CTD profile data used in this study. The
results show that the EACC affects Chl-a values in the
area between longitude 39.9°E and 40.2°E. These low
Chl-a values are caused by flushing of nutrient-poor,
high salinity, and high temperature water pulled
across this area by the EACC. The study also found
that the NE had higher Chl-a value than the SE mon-
soon season which was different from other studies in
Tanzania. But when considering only the surface of
the ocean, as was done in previous studies, then the
SE had higher concentrations than NE. Also, the satel-
lite surface Chl-a showed higher concentrations in the
SE as compared to the NE monsoon season. Although
the CTD data from different missions have helped
research into the study of physical, chemical and bio-
logical variability of the water column in the ocean,
continuous data collection is missing. This informa-
tion could help in understanding short and long-term
changes of the ocean throughout the water column.

The upper ocean is characterized by a quasi-homoge-
neous layer where temperature, salinity and density
are almost constant with increasing depth (Costoya
et al., 2014). This homogeneity is caused by turbu-
lent vertical mixing that is driven by heat loss from
the ocean to the atmosphere, as well as by wind stress
(Stranne et al., 2018). The deepest layer affected by
this turbulent mixing is called the mixed layer depth
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(MLD), which marks the section of the upper ocean
that interacts with the atmosphere (Kelly and Rich-
ards, 2018). The MLD influences the exchange of heat
and gases between the atmosphere and the ocean
and constitutes one of the major factors controlling
ocean primary production as it affects the vertical
distribution of biological and chemical components
in near-surface waters. Estimation of the MLD are
often made by means of conductivity, temperature
and depth (CTD) casts (Stranne et al., 2018). However,
different techniques are used and there is little agree-
ment on which technique is the best for estimating
MLD (Kelly and Richards, 2018).
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Figure Al. Hydrographic section showing the salinity in the water column along the transect off
Kimbiji.
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