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Abstract

The sea surface temperature (SST) and chlorophyll-a concentration (CHL-a) were analysed in the Gulf of
Tadjourah from two set of 8-day composite satellite data, respectively from 2008 to 2012 and from 2005 to 2011. A
singular spectrum analysis (SSA) shows that the annual cycle of SST is strong (74.3% of variance) and consists of
warming (April-October) and cooling (November-March) of about 2.5C than the long-term average. The semi-annual
cycle captures only 14.6% of temperature variance and emphasises the drop of SST during July-August. Similarly,
the annual cycle of CHL-a (29.7% of variance) depicts high CHL-a from June to October and low concentration from
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in July-August (Figure 4a). e reconstructed time series from these
two RCs (Figure 4b) twell with the original time series (RMSE= 0.22).

To characterise the cyclic components described above, spectral
analysis based on Fast Fourier Transform (FFT) was applied to the
original time series of SST and CHL-a. s resulted in three peaks of
45, 22.5 and 15, 8-day cycle (360, 180 and 120 days) for SST (Figure
5a) and two peaks of 43 and 22, 8-day cycle (344 and 176 days) for
CHL-a (Figure 5b). e same analysis applied to each SSA isolated
RCs of SST and CHL-a shows identical periods. is means that the
three RCs correspond to annual, semi-annual and four month cycles in
SST time series and the annual and semi-annual cycles in CHL-a time
series. Note that for CHL-a, in addition to two mean periods (43 and
22 8-day cycles), the spectrum indicates several shorter periods. e
amplitude and phase of each harmonic were calculated using equations
6,7,8and9.

e results of the Monte Carlo test applied to two time series of SST

and CHL-aare illustrated in Figure 6. In the case of SST (Figure 6a), the
rst two pairs of eigenvalues are outside of the con dence interval (Cl)
of AR (1). erefore, the rst and second RCs associated with these
two pair eigenvalues are considered as signi cant at 95%. While for
the CHL-a, only the rst pair of eigenvalues associated to the rst RCs
lie outside the CI (Figure 6b).  erefore, the annual and semi-annual
cycle for SST but only the annual cycle for CHL-a are statistically

signi cant. e equations 16 and 17, represent the results of Fourier
decomposition applied to the SST and CHL-a times series.
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gradient. e eastern part remains positive and the western negative
when the temporal coe cient a2(t) is positive (November-December).

is pattern is reversed when a2(t) becomes negative from May to
September (Figures 7b and 7f).

For the CHL-a eld, the rst seven eigenvalues, with the exception
of rank 4, exceed the con dence error (Figures 8a-8e). From these
EOF modes, we selected only the rst two with a higher percentage
of explained variance. e rst mode of CHL-a explains 54.1% of the
variance and its spatial map shows positive amplitude in the coastal area
and negative on the o shore area.  is pattern occurs from January to
May when the temporal coe cient is positive. From June to September,
the temporal coe cient becomes negative, so the EOF1xal(t) becomes
positive inthe o shore area and negative in the coastal area (Figures 8a-
8e). Similarly to the SST, the spectral analysis of the temporal coe cient
shows two periodic components corresponding to annual and semi-
annual cycles (Figure 8e). e second mode accounts for 5.2% of the
variance and shows a westward gradient in phase opposition occurring
in March and August when the temporal coe cient is positive, but
varying from one year to another (Figure 8f).

To check whether the spatial patterns of EOF change depending on
the area, the study area was expanded eastward to 44°N and northward
to 14°N, including the west of the Gulf of Aden and the southern Red
Sea. e results of the EOF analysis shows that the rst EOF modes are
similar, while the second modes are signi cantly di erent from those
identi ed in the GOT. In the case of the CHL-a, we note also that the
amplitude of the spatial EOF is greater in the west of the Gulf of Aden
than in the Gulf of Tadjourah. e south Red Sea appears to display
very low CHL-a compared to the west of the Gulf of Aden.
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(Tair), speci ¢ air humidity (Qal0) and wind speed (W10). e
results of the M-SSA analysis are presented in Figure 9. As shown
on the eigenvalue spectrum (Figure 9a), the rst pair of eigenvalues
is well separated. e second pair is close to the asymptomatically
linear eigenvalues. Based on the breaking of the slope in the spectrum
of eigenvalues (“Screen test”, see [37]), only the rst M-SSA mode
associated with the rst pair of eigenvalue is considered signi cant. e
associated components (SST, CHL-a, Tair, Qal0 and W10) of this rst
M-SSA mode depicts a single peak at 44 8-Day cycle, which correspond
to the annual cycle (Figure 9). e annual cycle of SST is highly and
positively correlated with Tair and Qal0 but negatively correlated with
wind speed (Table 1). e CHL-a shows low correlation with all the
atmospheric parameters.  ese results reveal that the annual cycle is
the most signi cant common signal linking the SST to the atmospheric
parameters. To examine whether this relationship varies according
to the time of the year, the correlation between SST, CHL-a with
atmospheric parameters was estimated separately for each four month
period: window 1: February-May (FMAM), window 2: June-September
(JJAS) and window 3: October-January (ONDJ). isindicates that SST
remains highly correlated to the atmospheric parameters only during
the rstand the third windows, corresponding to the period extending
from October to May. No signi cant correlation was detected for
the second window which corresponds to the summer period (June-
September). e CHL-a does not correlate with any atmospheric
parameter during any of the three periods (Table 2).

How are SST variations linked to the atmospheric in uences?

In order to analyse how the atmosphere in uences the SST
variation, we rst computed the shortwave radiation (Qsw), longwave
radiation (Qlw), latent and sensible heat ux (QIl and Qs) using daily
ECMWF re-analysis data (ERA-40 interim) averaged for the study
area. e netheat uxat the surface (Qsurf) was estimated by the sum
of radiative ux and turbulent ux. e evolution of Qsw and Qsurf is
compared to the time series of SST and wind stress time series from
2005 to 2009. As shown in Figure 10, the SST and Qsurf vary similarly;
both time series show a drop during the summer period. To investigate
the atmospheric in uences on the SST variation more objectively, we
used the Frankignoul method [38]. is method is based on the fact
that the surface heat ux contributes to generate SST anomalies but

Mode 1 (M-SSA)

r (0 lag) rmax phase &t(jours)
SST/Tair 0.97 0.99(-1) -0.26 15
SST/Qal0 0.97 0.99(-1) -0.27 16
SST/W10 -0.94 -0.99(-2) 2.79 157
CHL-a/Tair 0.79 0.96(-4) -0.59 33
CHL-a/Qal0 0.79 0.97(-4) -0.59 33
CHL-a/W10 -0.74 -0.96(-5) 2.46 138

Table 1: Results from the multichannel singular spectrum analysis (M-SSA)
showing the correlation and phases between components.

Time series Window 1 (FMAM) | Window 2 (JJAS)  Window 3 (ONDJ)
SST/Tair 0.85 0.08 0.88
SST/Qal0 0.85 0.56 0.94
SST/W10 -0.4 0.05 -0.8
CHL-a/Tair -0.19 0.14 0.92
CHL-a/Qal0 -0.33 -0.33 0.95
CHL-a/W10 -0.14 -0.26 -0.84

Table 2: Results of a windowed cross-correlation using a window length of 120 days
(four months) between two ensembles of oceanic and atmospheric parameters.
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Figure 10: SST daily time series compared with the shortwave radiation
(Qsw), net surface heat pux (Qsurf) and wind stress.

Feedback factor (a) JFM AMJI JAS OND

a -3 5.6 21 -3.4
Table 3: Estimated atmospheric heat pux feedback factor (U) over the Gulf of
Tadjoura. For each three month, U in W/mJ/AC, is estimated using consecutive three

months of daily data of the net heat pux (Qsurf) and the sea surface temperature
(SST) time series.

it also a ect their evolution a er they have been generated, thereby
acting as a feedback. As showed by [38], the surface heat ux anomalies
can be decomposed as in Eq. (18).

Qsurf(t) =q(Tt) - a SST (18)

Where q is independent of the SST anomalies; -a SST is the Qsurf
induced by the SST anomalies. From Eq. (18), the cross-covariance
between Qsurf and SST is given by:

COVQSuﬁ/SST (T) = Cqu/SST (T) -a COVSST/SST (T) (19)

Cov,«; (T) vanishes at large negative lag (t > 1 month). So, the
feedback of the surface heat ux is estimated using the cross-covariance
between SST and Qsurf, divided by the autocovariance of the SST (20).

_Cov Qsurf (-1),SSTf (0)
Cov SST(-1),SST(0)

Here, a is estimated for each three consecutive monthly anomalies.
For example, a during July-August-September is estimated by
correlating Qsurf (JAS) with SST during June-July-August (JJA). e
results are presented in Table 3. is indicates negative o from October
to March so the surface heat ux feedback is positive (see Eq. 18).
During this period, the ocean responses to the cooling by releasing heat
to the atmosphere. From April to June, a remains high and positive; the
feedback is negative. e atmosphere act by heating sea surface which
storage energy. During summer (JAS), a is low, the atmosphere has less
in uence on the SST anomalies.

(20)

Discussion and Conclusions

In this paper, one-dimensional times series of SST and CHL-a were
decomposed into a sum of temporal principal components using both
singular spectrum and harmonic analysis. e results of these analyses
submitted to the Monte Carlo test showed that the annual and semi-
annual cycles for SST and only the annual cycle for CHL-a represent
the most important statistically signi cant signals for the temporal
variability of these two parameters.

e annual cycle of SST (1t harmonic) relates warming and cooling
of surface waters throughout the year.  ese annual variations are
related to the atmospheric in uences. e warming of water is induced
by solar heating. Indeed, the shortwave radiation ux (Qsw) increases
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from March to May and achieves its maximum in May-June (Figure
10a). During the same period, the SST, Tair and Qal0 increase together
and achieve their maximum during the same period (May-June).
However, the wind speed decreases and shows a minimum in May.

is indicates that during a low wind period, solar heating induces a
rise in air and sea surface temperature. e phase lag between SST and
Tair could be explained by the di erence in inertia between air and sea
water. e increase in the speci ¢ humidity is due to the evaporation
induced by the increase of SST. However, the cooling from September
onward seems to be related exclusively to the strengthening of the
northeast wind and the convective mixing of surface water.  ese
prominent atmospheric in uences on the annual variation of SST are
consistent with the result of the surface heat ux feedback.

e spatial map of the rst EOF indicates that this warming/
cooling a ects the entire study area. e relative di erence of the
southeast area, which remains warmer during summer and cooler
during winter, seems to be related to the topographic features; this area
is the shallowest of the Gulf (Figure 1). e remainder of the thermal
variation is almost totally represented by cooling during summer,
especially in July, that appears in the second SSA reconstructed
component (semi-annual cycle). Both M-SSA analysis and windowed
correlation analysis showed no signi cant correlation between the SST
and atmospheric parameters at a semi-annual scale.  is indicates that
the drop of SST during July-August is not related to direct atmospheric
in uences. e low value of the retroaction coe cient (a) con rms this
hypothesis.

e annual variation of the CHL-a is characterised by low CHL-a
during the majority of the year and high CHL-a during the short
period from July to September. e EOF analysis indicates that
during the rst period, the CHL-a shows a landward gradient with the
CHL-a concentrated in the coastal waters and in the Bay of Ghoubet
al-Kharab. s pattern is reversed during summer, when the CHL-a
increases in the o shore water and diminishes on the continental shelf.

e winter pattern of the CHL-a, limited to the coastal area seems to
be related to tidal mixing. However, the summer pattern of the CHL-a
represented by the strong peak is most likely due to the enrichment
induced by upwelling. Furthermore, the singular value decomposition
(not shown), applied to the SST and CHL-a elds together, indicates
that the summer “o shore water enrichment” is associated with the
“summer cooling” a ecting the western part of the gulf, while the
“winter cooling” is associated with shelf enrichment.

is process is well recognised in the west of the Gulf of Aden,
where the upper ocean is mixed and the thermocline weakens during
the summer period [39,40]. e shoaling of the thermocline is due to
Ekman pumping, enhanced by the strong southeast monsoon wind
[41-43].  is result in surface upwelling in certain areas, particularly
at the southern part of the Bal-el-Mandeb strait [44]. In the Gulf of
Tadjourah, as highlighted by the spatial structure of the EOF, the
upwelling seems strengthening at the extreme west of the gulf.

Our study has shown that the temporal variation in SST could be
described only by the rst two harmonics. In the case of CHL-a, only
the annual cycle appears as a prominent and statistically signi cant
signal of the CHL-a variance. We propose a simple statistical model
from theses harmonics to represent and predict seasonal variations in
SST and CHL-a.  ese leading patterns were identi ed in for the rst
time in the Gulf of Tadjourah and are important for understanding
how thermal structure and primary production-estimated through
ocean colour-evolve in this area, but also on a larger regional scale.

e EOF analysis expanded on a sub-regional scale, including the

west of the Gulf of Aden, limited at 44°E and southern Red Sea below
14°N, shows the same rst EOF patterns (Appendix 1). In addition,
our results can be compared to some existing ndings for the Gulf of
Aden. For instance, the annual pro le of SST found by [45] for the
Gulf of Aden is comparable with our reconstructed time series. e
strong summer peak highlighted by the annual cycle is also consistent
with results from recent work [46] that revealed that the Gulf of Aden
exhibits a prominent summer chlorophyll bloom and sustains elevated
chlorophyll concentrations during autumn.  is indicates that the SST
and CHL-a patterns, isolated in the GOT, re ects what is happening
regionally, particularly in the west of the Gulf of Aden.

In contrast, the second EOF modes of SST and CHL-a, which
describe only 1.3% and 5.2% of variance respectively, seems speci ¢
to the Gulf of Tadjourah [47]. ey highlight a westward gradient
of both SST and CHL-a; these patterns seem to be related to the
local wind modulated by the orography. Nevertheless, based on the
satellite data of the surface water, we are limited to the basic physical
process generating the isolated leading patterns [48].  erefore, in
situ measurement in the water column waters is required for a better
understanding of the mechanisms that govern the thermal structures
and primary production in this particular area of the Horn of Africa.
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