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Executive Summary
The consultant submits to UNOPS the report No.4. This report describes in detail Dr. Florenchie’s activities under the contract for the last 6 months and the progression of the project as per the workplan. The first section describes the evolution of recent warm SST anomalies observed along the coasts of Angola and South Africa. A juvenile warm event that developed in January-February 2005 was compared to other anomalous warmings that occurred in the last 25 years in the same area, some of them giving rise to Benguela Niños (1984, 1995). In section two, a new data set of satellite wind observations has been built by the consultant: ERS (1992-1999) and QUIKSCAT (1999-2005) wind speed observations have been compared and merged to form a single long-time data set. In section three, the consultant conducts a comparative study of Atlantic Niños, Benguela Niños and ENSO. New statistical tools have been developed on this occasion. The purpose of this approach is to provide the BCLME with an understanding of anomalous events taking place in the whole South Atlantic ocean. Decadal variability is also analysed. This knowledge is believed to be essential in the building of an early-warning system in the future. Section 4 describes briefly two new numerical experiments using the ROMS model. The first is a simple process study of the equatorial variability of the Atlantic ocean: the model is first forced using climatological fluxes for a few years. Once the spin-up phase is achieved, “artificial” zonal wind anomalies are introduced in the model to analyse the dynamical response of the ocean to the perturbations. The second experiment concerns a simulation along the coast of Angola and Namibia. The ORCA05 model outputs and real wind observations have been used to force the ROMS model along its open boundaries and at the surface over the period from 1993 to 2000. Masters student Tiago Quieroz has started to analyse the results of the first experiment under the supervision of the consultant. He will also use the 4-D TAOSTA database to validate the model outputs for both experiments (the atlas is a compilation of sea temperature observations for the last 20 years in the tropical Atlantic ocean at different depths). His masters work is part of the capacity building and training aspect of the BCLME project. Masters student Jenny Veitch has completed her thesis under the supervision of the consultant (see Report 3) in October 2004 and obtained the Deans Merit Award. 
1 – Tracking anomalous events in the South Atlantic 

The period from November 2004 to February 2005 has been of particular interest for the consultant since two anomalously warm SST pools were observed along the coast of Africa: the first took place in the southern Benguela upwelling system in November and December 2004. The second started to develop along the coast of Angola by the beginning of January 2005. The two events do not seem to be related.

Being able to identify warm or cold events in real time as they develop along the coasts of Angola, Namibia or South Africa is a key aspect of the BCLME project. As a result, gridded SST observations are regularly downloaded from the OI-SST web site (http://www.emc.ncep.noaa.gov/research/cmb/sst_analysis/) to maintain an up-to-date data set at UCT. SST anomalies are computed on a regular basis, allowing the consultant to follow in real-time the evolution of anomalous events in the South Atlantic ocean. A few sites like those listed below provide on Internet a free access to their own plots of SST anomalies on a weekly or a monthly basis:

http://www.emc.ncep.noaa.gov/research/cmb/sst_analysis/
http://www.cdc.noaa.gov/map/images/sst/sst.anom.month.gif
http://www.osdpd.noaa.gov/PSB/EPS/SST/climo.html
 Agreement between the various products is generally good but small differences may occur occasionally. A few factors can explain these discrepancies:

· Different satellites or sources of observations

· different resolutions of the gridded products

· various climatologies (depending on the period covered by observations)

· local disturbances (clouds in some case)

· specific approach (night time SST observations for instance)

Some SST anomaly forecasts are also available, like those delivered by the US navy at http://www7320.nrlssc.navy.mil/global_nlom32 using the NLOM model at a 1/32( horizontal resolution.

ERS and QUIKSCAT observations of wind speed have also been analysed and merged to build a single worldwide data set of anomalies running from 1992 to present. 
1.1 – SST anomalies along the coast of Angola in January/February 2005

Figures 1.1.a to 1.1.h show a sequence of weekly SST anomalies in January 2005 (from http://www.emc.ncep.noaa.gov/research/cmb/sst_analysis/) and nighttime anomalies in February 2005 (from http://www.osdpd.noaa.gov/PSB/EPS/SST/climo.html). Observations show that warm anomalies start developing along the coast of Angola, a few degrees south of the equator. The anomalies then tend to spread southward towards the Angola/Benguela frontal zone while they intensify.
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(1.1.h)

Figure 1.1. (a) - (h): Evolution of weekly SST anomalies in January 2005 (1.a to 1.d from EMC/NCEP) and night time SST anomalies in February 2005 (1.e to 1.h from NOAA/NESDIS)

Prior to the mature phase of Benguela Niños, warm SST anomalies start to develop in January or February along the coast of Angola. Then anomalies peak and form a warm pool with a maximum of intensity in March/April in the Angola/Benguela area (hereafter referred to as ABA, roughly between 10 and 20(S). In order to compare the present situation to previous events (Benguela Niños or warm events), the consultant has calculated a composite of observed OI-SST anomalies in the South Atlantic ocean in January and February from 1982 to 2005, prior to Benguela Niños (1984, 1995) or warm events in the ABA (March/April 1986, 91, 96, 99 and 2001), as illustrated in Figure 1.2. It shows that SST anomalies spread from 5(S to about 20°S, with a maximum in the ABA.
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Figure 1.2: Composite of OI-SST anomalies in January/February for the following years: 1984, 1986, 1991, 1995, 1996, 1999 and 2001.

Then OI-SST anomalies in January/February have been averaged over the ABA to form an index for the last 24 years (Figure 1.3).
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Figure 1.3: Time-series of OI-SST anomalies in January/February averaged over the ABA from 1982 to 2005 (red: non detrended, blue: detrended).

The two time-series correspond to non-detrended (red) and detrended (blue) data. Figure 1.3 shows a strong positive trend (linear red line). If not detrended, SST anomalies in January/February 2005 indicate a situation in which anomalies are as high as those observed in 1984 and 1995. Once the trend is removed, it appears from figure 1.3 that the warmest January and February months in the ABA during the period 1982-2005 occurred prior to the two Benguela Niños in 1984 and 1995 (blue line). SST anomalies in January/February 2005 are lower compared to the Benguela Niño years but they remain much higher than usual. As a result, in terms of SST anomalies, the situation at this stage is comparable to the one observed in the ABA in January/February 1984 and 1995. However, forecasts performed by the US navy 1/32( NLOM model do not indicate a persistent warming along the coast in March 2005, as illustrated by figure 1.4:
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Figure 1.4: 1/32( NLOM simulation (left) and forecast (right) of SST anomalies respectively on the 16/02/2005 and on the 11/03/2005 - Naval Research Laboratory.

Figure 1.5 shows non-detrended OI-SST anomalies (a) compared to detrended anomalies (b) in February 2005. Anomalies are much weaker in 1.5.b than in 1.5.a over the ABA. It outlines the importance of taking into account decadal trends to understand changes occurring in the ocean. Various mechanisms with different time scales are superimposed and it is their combination that drives the variability of the system. On a physical point of view, it is a key factor to be able to separate different processes, according for instance, to their typical time scale. The mechanism related to a Benguela Niño takes place on an interannual time-scale. Hence, the decadal trend should be removed to isolate the corresponding SST anomalies as shown in figure 1.5.b.
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Figure 1.5: OI-SST anomalies in February 2005, non-detrended (a), detrended (b).

However as far as biomass and fisheries are concerned, the positive decadal trend has to be taken into account to estimate the full impact of oceanic changes on the ecosystem. At this point, a few questions should be answered by marine biologists:

· What is the specific impact of the positive trend on the ecosystem?

· How does the ecosystem adapt to a progressive shift in sea temperature?

· Will the superimposition of the trend and warm events bring the ecosystem closer to a critical level more often?

Figure 1.6 illustrates the linear trend of OI-SST calculated over the South Atlantic ocean from January 1982 to January 2005. It reveals a strong warming along the coast of Africa from the gulf of Guinea to about 30(S, with a maximum of about 1.5(C near the Angola/Benguela frontal zone. The northern Benguela upwelling system is also affected, with a warming of about 1(C. A cooling is observed along the coast of South Africa.

[image: image15.jpg]LINEAR TREND OF OI-SST FROM JANUARY 1982 TO JANUARY 2005
BRC {‘IIM NN





Figure 1.6: Linear trend of OISST from January 1982 to January 2005.

A combination of various factors could explain the decadal evolution. Decreases of easterly trade winds along the equator and upwelling favourable winds along the coast of Angola have been observed for the last 20 years (Hardman-Mountford et al., 2003). As a result, the thermocline is deeper in the eastern basin, subsurface water is warmer and the coastal upwelling is reduced. Weaker winds also induce weaker evaporation and the net heat flux from the ocean towards the atmosphere diminishes with higher SSTs. 

Yearly mean of ER-SST anomalies averaged over the ABA for the last 50 years have been computed (figure 1.7). The warming trend seems to appear at the beginning of the 80s. 
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Figure 1.7: Yearly mean of ER-SST anomalies averaged over the ABA.

1.2 – SST anomalies along the coasts of Namibia and South Africa in November/December 2004

Very strong positive anomalies have been observed off the coast of Namibia and South Africa in November and December 2004 as can be seen on figure 1.8.
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Figure 1.8: OI-SST anomalies in December 2004

An index has been defined to built time-series of OISST anomalies over an area extending from 22(S to 30(S and from 12(E to the coast of Namibia (BENG area). Figure 1.9 illustrates the evolution of interannual anomalies over the BENG area from the last 24 years.
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Figure 1.9: OI-SST anomalies averaged over the BENG area (blue) and 7-year period component (red).

It appears from figure 1.9 that the anomalous event in 2004 was the warmest of the last 24 years. Once the time-series is detrended, SST anomalies in December 2004 remain the highest ones observed in this area over the same period. The origin of the event is still unclear. However, SST anomalies indicate the presence of a warm anticyclonic feature off South Africa in November 2004 that might originate from the Agulhas retroflection. Figure 1.9 also shows a fluctuation embedded in the time series with a period of about 84 months (7 years). The corresponding component has been extracted from the data and displayed on figure 1.9 (red line). Such a cycle could be related to ENSO. Also visible on figure 1.9 is the positive trend that has been isolated using annual means and plotted on figure 1.10:
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Figure 1.10: Annual mean of OI-SST over the BENG area

As in the ABA, various mechanisms with different time scales might explain the variability of the system. Once again, a positive trend is observed for the last 2 decades. However contrary to the coast of Angola, no major and persistent meridional wind shift has been observed since 1982 (Hardman-Mountford et al., 2003).
2– Merging ERS and QUIKSCAT wind observations

ERS and QUIKSCAT gridded zonal and meridional wind speed components have been merged to build a worldwide single data set from March 1992 to present. Because of some errors in the measurements, the first months of ERS1 have been removed (08/91 to 02/92). Table 2.1 summarises the main characteristics of each data set. 

	Satellite
	Period
	Scatterometer
	Resolution
	Grid

	ERS1-ERS2
	08/1991–12/2000
	AMI-Wind
	1(x1(
	-179.5/179.5,  -89.5/89.5

	QUIKSCAT
	08/1999–Present
	SeaWinds
	0.5(x0.5(
	-179.75/179.75, -79.75/79.75


First, weekly measurements have been averaged into monthly means for each satellite. Then ERS wind speed data have been interpolated on the QUIKSCAT grid, i.e. a domain with a resolution of 0.5( extending from 179.75W to 179.75E and from 79.75(S to 79.75(N. Figure 2.1 illustrates the method used for the interpolation:
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Fig 2.1: Interpolation of ERS data (black dots) on the QUIKSCAT grid (red dots).

Each value on the new ERS grid (in red on figure 2.1) is a combination of the values on four surrounding points of the original ERS grid (in black) according to their respective distances. Once the interpolation is achieved, the next step consists of making various comparisons between the ERS and QUIKSCAT measurements in order to adjust them with similar mean and variability levels before the merging.

Mean zonal and meridional wind speeds from August 1999 to December 2000
Temporal means of ERS and QUIKSCAT zonal and meridional wind speed components have been calculated over the overlapping period (August 1999 to December 2005) and compared. Figure 2.2 shows the ratio between ERS and QUIKSCAT mean zonal (a) and meridional (b) wind speed components over the South Atlantic ocean for this specific period.
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Fig 2.2: Ratio (ERS/QUIKSCAT) between the mean zonal (a) and meridional (b) wind speed components from August 1999 to December 2000 (interval=0.5).

Figures 2.2 (a) and (b) show that QUIKSCAT measurements of zonal and meridional wind speeds are stronger over most of the basin. A strong discrepancy appears on figure 2.2 (a) between the two satellites near the Angola/Benguela frontal zone with local ratio values higher than 2 and a maximum of about 4.5. This is due to the fact that in this area mean values of QUIKSCAT zonal wind speed are locally equal to zero whereas ERS values are still negative, as illustrated on figure 2.3. Agreement in the south is better.
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Fig 2.3: ERS (top) and QUIKSCAT (bottom) mean zonal wind speed components for the period 08/1999 to 12/2000.

ERS and QUIKSCAT levels of variability
Standard deviation of ERS and QUIKSCAT zonal (and meridional) components have been calculated over their respective periods (March 92 to December 2000 and August 1999 to January 2005) and compared. Figure 2.4 shows the ratio between the variability of the ERS and QUIKSCAT zonal (a) and meridional (b) wind speed components.

[image: image23.jpg]



Fig 2.4: Ratio of ERS and QUIKSCAT zonal (top) and meridional (bottom) wind speed components variability.

ERS zonal wind speed component shows higher levels of variability in the western equatorial band whereas QUIKSCAT variability is higher north of the equator. There is less discrepancy between the two satellites as far as the meridional component is concerned. The same calculations with detrended data (not shown) give similar results. 

Comparisons between ERS and QUIKSCAT interannual and climatogical variabilities (not shown) confirm some differences between the measurements in many areas. Because of the crucial role of zonal winds along the equator in triggering Benguela Niños, these results are still under investigation and need to be discussed with satellite data specialists, i.e. at the CERSAT (Ifremer, France). Some key questions should be raised, for example:

· How can the differences between the two satellite measurements be explained?
· What is the best product in terms of wind speed accuracy and variability?
Merging the two data sets
During the overlapping period (08/99 to 12/00) QUIKSCAT data has been retained instead of ERS data. Such a choice is, at this stage, purely arbitrary. Because of differences between the two data sets, it is necessary to do some adjustments before merging as mentioned before. First, to avoid any discontinuity, the mean levels of ERS and QUIKSCAT zonal (and meridional) wind speed component have been modified in order to be equal during the overlapping period in each point of the grid. The procedure is described below:

M1= temporal mean of ERS wind from 08/99 to 12/00

M2=temporal mean of QUIKSCAT wind from 08/99 to 12/00

M3 = 0.5*(M1-M2)

ERS wind from 03/92 to 07/99 = ERS wind from 03/92 to 07/99 – M3
QUIKSCAT wind from 08/99 to 01/05 = QUIKSCAT wind from 08/99 to 01/05 + M3

Then, in order to exhibit similar variability, QUIKSCAT measurements have been multiplied by a factor equal to the ratio between the ERS and QUIKSCAT standard deviations in each point of the grid:

STD1=STD(ERS) from 03/92 to 12/2000

STD2=STD(QUIKSCAT) from 08/99 to 01/05

STD3=STD1/STD2

ERS wind from 03/92 to 07/99 = ERS wind from 03/92 to 07/99

QUIKSCAT wind from 08/99 to 01/05 = STD3*(QUIKSCAT wind from 08/99 to 01/05)

Once again, the choice of ERS standard deviation levels as the reference levels is at this stage arbitrary. Figure 2.5 displays three time-series of zonal wind speed from ERS-QUIKSCAT, ERS and QUIKSCAT averaged along the equator from 29.25(W to 0.25(E and from 5.25(S to 5.25(N. The time series in blue corresponds to the new ERS-QUIKSCAT merged data set whereas the time series in red and green relate respectively to the ERS and QUIKSCAT original data sets before merging.
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Fig 2.5: ERS-QUIKSCAT (blue), ERS (red) and QUIKSCAT (green) time-series of zonal wind speed averaged along the equator (29.25(W/0.25(E, 5.25(S/5.25(N).

Interannual anomalies have been calculated using the climatology based on data from March 1992 (instead of August 1991) to January 2005. As mentioned earlier, some errors were observed during the first months of ERS measurements. Using these months to build climatology would contaminate the whole data set when calculating anomalies. Correlations were then performed between OI-SST anomalies averaged over the ABA and ERS-QUIKSCAT zonal wind anomalies in each point over the basin. Figure 2.6 shows the maximum correlation obtained using anomalies corresponding to the ERS period (a), to the QUIKSCAT period (b) and to the entire ERS-QUIKSCAT period (c).
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Fig 2.6: Maximum correlation between OI-SST anomalies averaged on the ABA and ERS-QUIKSCAT zonal wind speed anomalies for (a) ERS period, (b) the QUIKSCAT period and (c) for the ERS-QUIKSCAT period.

It appears from figure 2.6 that ERS and QUIKSCAT data sets show different patterns of maximum correlation above the South Atlantic with the ABA OI-SSTA time series. This result is a key issue for the BCLME (see Report 3 for the relation between zonal wind anomalies in the western equatorial Atlantic and the occurrence of Benguela Niños). There can be several sources of these major differences. They can be due to the scatterometers themselves. In that case, this result would raise the problem of the accuracy of the measurements, especially in terms of interannual variability (amplitude and frequency). Nevertheless, one must keep in mind that the periods covered by each satellite during this calculation are different: 03/93 to 08/99 and 09/99 to 01/05. In other words, the ocean itself might also display different types of variability from one period to the other. During the ERS period, SST anomalies in the ABA seem to be mainly forced by zonal wind anomalies in the western Atlantic whereas during the QUIKSCAT period, zonal wind anomalies in the eastern part of the basin might be playing the main role. It is also worth noting that there were no Benguela Niños during the latter period. In fact a similar comparison between the two satellites during the overlapping period (08/99 to 12/00) shows identical results for both satellites with a maximum correlation in the eastern part of the basin (not shown). A wavelet analysis of OI-SST anomalies above the ABA has been performed. It reveals a strong modulation over time of variability as illustrated by Figure 2.7:
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Fig. 2.7: Wavelet analysis of the OI-SST anomalies averaged on the ABA.

During the ERS lifetime, the analysis reveals an embedded signal with strong amplitude and a corresponding periodicity of about 16 months from 1995 to 1997, and a weaker one with a period of about 32 months over the same period. From 1999 to 2005 (QUIKSCAT period) the dominant mode of variability correspond to a signal with a period of 12 and 8 months. The same analysis is performed on two time-series of ERS-QUIKSCAT zonal wind speed anomalies averaged on a western equatorial box and on an eastern box south of the equator (see boxes in figure 2.6 (a) and (b)). 
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Fig 2.8: Wavelet analysis of ERS-QUIKSCAT zonal wind speed anomalies averaged on (a) a western equatorial box (32.25(W to 10.25(E and 5.25(S to 1.25(N) and on (b) an eastern south equatorial box (2.25(W to 8.25(E and 9.25(S to 2.25(S).

Figure 2.8 (a) reveals an embedded signal with strong amplitude and a period of about 16 months from 1995 to 1997, similar to that observed on figure 2.7.  Figure 2.8 (b) shows a signal with smaller amplitude and a period of about 12 months in 1993-1994 and during the years 2000-2003. Similar signals are also observed on figure 2.7 during the years 2001 and 2002. This analysis might explain the results shown on figure 2.6. It reinforces the hypothesis that SST interannual variability in the ABA originates from different areas in function of time. The 16 months and 12 months components have been extracted from the three time-series and compared as illustrated on figure 2.9.
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Fig 2.9: (a) 16 months component of OI-SST anomalies over the ABA and zonal wind anomalies over the western equatorial box and (b) 12 months component of OI-SST anomalies over the ABA and zonal wind anomalies over the eastern south equatorial box. Data are normalised.

The 16-month signals on figure 2.9 (a) are strongly correlated and show the same modulation of amplitude, especially from 1994 to 1998 when the components are the most significant. The wind-related signal leads the SST signal with a lag of about one to two months. It tends to confirm that the interannual variability of SST in the ABA is driven initially by zonal wind anomalies in the western equatorial Atlantic. From about 2000 to 2002, the 12-month signals on figure 2.9 (b) appear to be correlated with a local maximum amplitude in both cases. The wind-related signal leads the SST signal with a lag of about three months. This result suggests that the relationship between zonal wind anomalies and OI-SST anomalies over this period involves mechanisms other than those relating the two signals on figure 2.9 (a), i.e. equatorial and coastal wave dynamics (see report 3). These analyses will be continued by the consultant. Being able to identify different modes of equatorial or tropical variability affecting water characteristics in the ABA is a major aspect of the BCLME in terms of forecasting.   

3 - Atlantic Niños and Benguela Niños

Some authors have suggested that the equatorial Atlantic can develop an interannual phenomenon similar but weaker to ENSO, sometimes referred to as the Atlantic Niño. However, these authors seemingly failed to take notice of Benguela Niños and focused their studies on the equator only. It has been established by several authors that Benguela Niños originate from the equator (see Shannon et al., 1986, Florenchie et al., 2003 and 2004 or BCLME reports 2 and 3). In this section, the consultant investigates possible links between Atlantic Niños and Benguela Niños. Understanding large-scale interannual processes involved in the development of Benguela Niños is a key aspect of the BCLME to set up an early-warning system. Atlantic Niños are less robust than ENSO and cannot be self-sustained (Zebiak, 1993). The eastern equatorial Atlantic seems to be primarily governed by remote wind stress effects through equatorial wave dynamics (Picaut, 1985; Huang and Shukla, 1997). Equatorial warm/cold SST anomalies are presumed to be linked to a relaxation/increase of zonal wind stress in the western equatorial Atlantic. Figure 3.1 shows standard deviation of OI-SST anomalies over the South Atlantic. 
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Fig 3.1: Interannual variability of OI-SST over the South Atlantic basin.

Highest levels concentrate in the eastern part of the basin, from the equator to 20(S and from 5(E to the African coast, with maximum values in the ABA (Figure 3.1). The ABA corresponds to the area where the strongest SST anomalies develop during Benguela Niños. Along the equator, a local and much weaker maximum of variability spreads in the area of the cold tongue, roughly between 15°W and 5°W. The interannual variability shows seasonality with pronounced maxima in March/April in the ABA (Florenchie et al; 2004) and in June/July along the equator (Carton and Huang 1994). 
A new index: the CTA
An index has been defined to compare the interannual variability over the ABA and the equator area: The CTA (cold tongue area - 15(W-5(W/2.5(S-2.5(N). Figure 3.2 shows time series of detrended SST anomalies averaged respectively over the ABA and the CTA and calculated from OI-SST (Reynolds and Smith, 1994) for the period 1982-2005 (a) and from ER-SST for the period 1960-2003 (b).
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Fig 3.2: (a) OI-SST anomalies - ABA index (red) - CTA index (blue)

(b) ER-SST anomalies – ABA index (red) - CTA index (blue)

The signals appear to be strongly correlated on both figures 3.2 (a) and 3.2 (b). The ABA index leads the CTA index with a maximum correlation of 0.65 on (a) and a maximum correlation of 0.57 on (b), which explains nearly 50% of the variability. Figure 3.3 illustrates the correlation between OISST anomalies on ABA and CTA with the corresponding lag. It indicates that SST anomalies in ABA have an average lead-time over anomalies in CTA of one to two months. Seven significant and persistent warm events with SST anomalies exceeding 0.8(C (and referred to as Atlantic Niños in various studies) developed over the CTA index during the 1982-2004 period: 84, 87, 88, 91, 95, 96, and 99. They were all preceded by a warm episode in the ABA a few months earlier. There is one exception: the 1987 warm event has no equivalent in the ABA. Five cold events with amplitudes exceeding 0.8(C are observed in 82, 83, 92, 97 and 2004. Once again, they occur a few months after cold events in the ABA.
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Fig 3.3: Correlations between OI-SST anomalies in the ABA and in the CTA. Positive lag means that ABA leads CTA.

EOF and wavelet analyses
Empirical Orthogonal Function (
EOF) analysis has been performed over the eastern part of the basin. The first EOF shows a large pattern of variability that spreads from the equator southward along the coast of Africa, including both CTA and ABA (fig 3.4). The first EOF represents nearly 60% of the variance over the whole area. Next EOFs represent 9.5, 8.5 and 4% of it. These results show that Atlantic Niños and Benguela Niños are strongly related. Strong warm/cold anomalies over the CTA tend to follow even stronger warm/cold anomalies over the ABA with a lag of a few months. Figure 3.4 also confirms that most of the variability is concentrated in the ABA: Benguela Niños are the major phenomenon affecting the tropical Atlantic on an interannual basis.
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       Fig 3.4: First EOF of OI-SST anomalies in the eastern tropical Atlantic.
Wavelet analysis has been applied to the two OI-SST anomalies signals (not shown). It indicates in the ABA a strong component with an approximate periodicity of 16 months, especially during Benguela Niño episodes. The same component is visible in the CTA, mainly during the years 1995-1998. Another embedded signal with a periodicity of about 36 months is present in both areas, especially in the CTA. The 16 and 36-month components have been extracted and summed up for both areas. They represent respectively 50% and 54% of the variability in the CTA and in the ABA. These signals have been plotted on figure 3.5 for comparison. 
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Fig 3.5: 16+36-month components of OI-SST anomalies for CTA (red) and ABA (blue).
The mean correlation between these signals is 0.65. The CTA signal shows an average lag of about one month. Once again, similarities between the two areas are obvious. This is particularly true during the 1994-1998 period.
Correlations with ERS zonal wind anomalies
 As in the ABA, SST anomalies in CTA appear to be strongly correlated with equatorial zonal wind anomalies in the western part of the basin as can be seen from Figure 3.6:
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Fig 3.6: Maximum correlation over the entire basin between ERS zonal wind anomalies and OI-SST anomalies averaged on the CTA.

Towards a unified vision of both phenomena

The consultant suggests some mechanisms to explain the respective characteristics of Atlantic Niños and Benguela Niños. Sea temperature anomalies triggered by wind anomalies and associated with Benguela Niños become visible when they outcrop on reaching the ABA. These propagate under the surface along the equator. They might become more visible at the surface in the CTA because the thermocline is closer to the surface. SST anomalies are strongly related to the vertical structure of the thermocline and its fluctuations under the surface. The fact that the ABA mode leads the CTA could be explained by two factors:

· The spatial and temporal scales of Benguela Niños.

· The reflection of upwelling/downwelling Kelvin waves into upwelling/downwelling Rossby waves against the coast of Africa.

During Benguela Niños or persistent strong warm events, subsurface anomalies spread from the equator to the ABA at the depth of the thermocline for a few months. The seasonal lifting of the thermocline during austral winter could bring these anomalies closer to the surface, especially in the CTA, a few months after their occurrence in the ABA. Reflection of Kelvin waves into Rossby waves could bring sea temperature anomalies near the equator in the open ocean with a lag of a few weeks. To conclude, Atlantic Niños and Benguela Niños seem to be part of a single large-scale phenomenon, similar to ENSO but with a specific expression in term of SST anomalies.
However, two warm episodes in the ABA have no equivalent in the CTA during the period 82-2004: the 86 and 01 warm events. In fact, various factors like local wind regimes, heat flux anomalies, coupling between the atmosphere and the ocean with subsequent positive or negative feedbacks could also play a key role in modulating and changing the SST variability in the ABA and CTA. Warm and cold SST anomalies in the ABA could have an impact on wind regimes and on heat fluxes along the equator. 







ENSO and Tropical Atlantic Variability
Atlantic Niños and Benguela Niños seem to be mostly independent of ENSO. However, atypical results may be reached when using different SST products at different periods for different events. The 1984 warm event in the tropical Atlantic is often cited as a result of the 82/83 Pacific El Niño. The effect of ENSO to the northern tropical Atlantic in terms of SST seems to be limited to a western area during winter and spring following its onset. Its impact is transferred to the atmosphere via a wave-train generated in the central-to-eastern Pacific (Huang, 2004). These teleconnections modify locally the northeast trade winds, which influences the air-sea heat fluxes and induces warm anomalies a few months after the mature phase of ENSO. The North Atlantic Oscillation (NAO) can also influence the region and modulate the impact of ENSO. Along and south of the equator, different studies present a contradictory picture of the impact of ENSO (Lanzante, 1996). Saravanan and Chang (2000) have described a surface wind stress signal over the western equatorial Atlantic associated with ENSO. The observational analyses of Enfield and Mayer (1997) suggest that the mean easterly winds are intensified in the western equatorial Atlantic in response to Pacific warm events but that coherent local changes in SST are less obvious. However, in the upwelling zone off West Africa (10-24oN), a coherent ENSO signal in winds and SST was found by Roy and Reason (2001). Curtis and Hastenrath (1995) concluded that warm events in the Pacific induce only a modest warming in the western tropical Atlantic whereas Ruiz-Barradas et al. (2000) and Zebiak (1993) found no significant impact of ENSO on the equatorial Atlantic Ocean variability. In the South Atlantic, composite maps of SST and wind anomalies derived for 14 strong events during the past century (Reason et al., 2000) suggest that warm (cool) anomalies evolve in certain large areas of the subtropical / midlatitude southeast Atlantic during the transition and peak phases of El Niño (La Niña) in association with stronger (weaker) tradewinds. Taken together, this previous work suggests that there is an ENSO impact in the eastern Atlantic but the exact relationship between this signal and other modes such as Benguela Niños and cold events still needs to be clarified.
The Southern Oscillation Index (SOI) relates directly to the climatic variability over the equatorial Atlantic associated with ENSO. Melice and Servain (2003) have found that SST anomalies in the South Atlantic seem to lead the SOI index, implying a precursory event to SOI in the region. Wright (1986) presented evidence of three largely independent precursors of changes in the SOI, one of them in the equatorial Atlantic. Jury et al. (2002) found that upper zonal winds over the equatorial Atlantic lead the Niño3 index in the Pacific. Calculation of the correlation between the ABA index and the OI-SST anomalies on the Pacific ocean reveals a maximum over the central equatorial basin, south of the equator. The corresponding time lag is 8 months with the leading signal in the ABA. Figure 3.7 depicts two time series of OI-SST anomalies over the ABA and the PAC index (160°W-130°W, 8°S-2°N). The ABA signal is moved 8 months forward, i.e. the April 97 cold event appears in December 97.
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Fig. 3.7: Detrended OI-SSTA over the ABA index (black) and the PAC index (gray). A lag of 8 months is introduced in the ABA time series.

During the last two decades, the two main cold events in ABA (82 and 97) preceded the two main Pacific Niños (82/83, 97/98). This result could be explained by a quick response of equatorial Atlantic winds to climate anomalies over the Pacific via atmospheric teleconnections. The limited width of the Atlantic ocean could also contribute to a faster response in the ABA. The 1984 and 1995 Benguela Niños were followed by moderate cold events in the Pacific. Except for the 82-84 and 95-97 periods, the two signals do not seem to fluctuate out of phase. The relation between the ABA and the PAC variabilities could also vary considerably from one decade to the other.
4 - Numerical experiments using ROMS
Two recent numerical experiments have been launched by the consultant. These complete the preceding experiments (see previous reports) and are part of the training capacity building: Tiago Queiroz, a masters student from Angola is involved in both simulations under the supervision of the consultant. Sections 4.1 and 4.2 describe briefly the preliminary results. 
The first experiment is a process study of the equatorial variability using ROMS. It is also part of the Low Oxygen Water (LOW) group analysis. The second simulation concerns the Angola/Namibia area. It is similar to the one described in report 2, section 3. The main and crucial difference concerns the forcing at the open boundaries: instead of being forced by climatological fluxes, the model is forced by the outputs of the ORCA primitive equation model from 1993 to 2000.

4.1 Process study of the equatorial variability
The many aims of the experiment include:

· To control the ability of the ROMS model to reproduce the structure of the thermocline and open-ocean circulation in the equatorial Atlantic ocean
· To analyse the response of the thermocline to artificial zonal wind changes
· To understand the origin of the poleward flow along the coast of Angola

The principle of the experiment
It consists of a series of twin simulations, each pair with its own configuration (resolution, number of vertical levels, etc…). Below is a description of the first set of twin simulations.

First, the model is run for a few years with a climatological forcing until the end of the spin-up process. Model outputs are then analysed and compared with observations. Various atlases (Levitus, Taosta,…) will be used by the student T. Queiroz to validate the results. Special attention will be paid to the mean and seasonal structures of the thermocline as well as zonal currents at different depths.  
The second step consists of forcing the model with artificial zonal winds using the same general configuration. Zonal component of seasonal COADS winds are modified artificially to reproduce an abnormal increase/decrease of zonal winds over different periods of the year and different areas (depending on the configuration). These artificial winds will be used to force the model in various configurations during one or two year long runs. The purpose of the experiment is to study the response of the equatorial ocean (adjustment of the thermocline for instance) to these modifications via Kelvin and Rossby waves and currents. 

This experiment might be of strong interest to the BCLME in terms of training and capacity building as well. The masters student, T. Queiroz, will have to familiarize himself with many aspects of physical oceanography:

· Numerical modelling with ROMS
· Wind field analyses over the equatorial ocean (mean, seasonal to interannual variability) 
· Equatorial dynamics, Kelvin and Rossby waves
· Seasonal and interannual climate variability
· Writing programs to analyse the outputs
Domain, forcing and resolution
The domain includes the entire equatorial Atlantic. It extends from 15°S to 10°N, and from 58°W to 16°E. For the first configuration, the grid of the model has a horizontal resolution of 0.5 degree and 30 sigma levels. The topography is extracted from Etopo2 (http://dss.ucar.edu/datasets/ds759.3/data/doc_1) over the domain and interpolated to the model grid. Surface forcing includes winds and various surface fluxes interpolated from the COADS climatology (http://www.cdc.noaa.gov/coads/index.shtml). Forcing for the lateral open boundaries and the initial conditions comes from the Levitus world ocean Atlas. Figure 4.1 illustrates the domain of the numerical process study.
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Fig 4.1: Domain of the ROMS simulations for the process study
First results
Figure 4.2 shows the mean kinetic energy calculated over the whole domain at all levels. It is a good indicator of the end of the spin-up process. The model has been run for 60 months, i.e. 5 years. It appears from Fig 4.2 that the model reaches equilibrium after about 18 months. After this period, the TKE level becomes stable and oscillates around a mean value.
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Fig 4.2: TKE (total kinetic energy) integrated over the whole domain
Then outputs for the last year have been analysed. The first step of the analysis was to transform sigma-level outputs into z-level outputs, which has been done by the student with the help of Dr. P. Penven from IRD (Institut pour la Recherche et le Development, France). Following this, the preliminary comparisons in terms of sea temperature were carried out at different depths using the climatology from the TAOSTA database (Tropical Atlantic Ocean Subsurface Temperature Atlas). All available near surface and subsurface observations of the tropical Atlantic between 1979 and 1999 have been collected and interpolated to built a gridded data set at different depths according to the standard Levitus levels (http://medias.obs-mip.fr/taosta/taosta_2html.html). Data originates from various sources: XBT (TOGA/WOCE subsurface DATA centre), CTD and Nansen casts from oceanographic cruises, moorings in 1983-1984, and PALACE floats (Profiling Autonomous Lagrangian circulation Experiment) in 1998-1999. The data from PIRATA (Pilot Research Moored Array in the Tropical Atlantic) moorings have been included for the last two years. For more information concerning the optimal interpolation method used and the calculation of correlation radius, see http://medias.obs-mip.fr/taosta/taosta_2html.html.
Various comparisons between the model outputs from the last year of the run and the TAOSTA climatology have been performed. Globally the model simulates quite realistically the thermocline along the equator as can be seen in figure 4.3.
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Figure 4.3: Vertical section of seasonal sea temperature from ROMS (a) and from TAOSTA (b) in December for the first 200 meters.

However two important aspects of the thermocline structure are badly reproduced:

· the vertical temperature gradient is weaker

· the dome shape in the east is missing

In order to improve the quality of the simulation, the number of sigma-levels is going to be increased to 50 (instead of 30). This should allow a better vertical resolution. Seasonal COADS winds have a low horizontal resolution of 2°. As a result the rotational of the wind is strongly smoothed in the model. The Ekman pumping that can affect the thermocline is reduced. A new climatology is going to be built using ERS winds with a resolution of 1° in order to replace the COADS one and to improve the impact of the wind curl on the vertical structure of the model. When these different configurations are validated to obtain the best simulation, seasonal zonal wind anomalies will be introduced in the climatology to study the response of the ocean to sudden variations of zonal winds. The amplitude and duration of these artificial anomalies will be calculated based on observed anomalies in the atmosphere. Different areas will be tested, in particular the eastern and the western part of the basin.

4.2 Forcing ROMS with ORCA 0.5

Simulations from 1992 to 2000 have just been performed by the consultant with the help of Dr. Pierrick Penven from IRD. Analysis of outputs is still underway.
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