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The Atlantic Ocean is the second largest of the world’s oceanic divisions. It is bounded by the continents of America, Europe and Africa and at its polewards margins by the Arctic and the Southern Oceans. Different climatic patterns can be observed along its large latitudinal domain, which extends from the equator to sub-polar regions. Thus, different tropical and extra-tropical meteorological systems may have some influence on the characterization of precipitation regimes observed surrounding the basin, such as the Intertropical Convergence Zone (ITCZ), tropical monsoon systems, westerly storm tracks and atmospheric rivers. The subtropical regions of the Azores and South Atlantic high pressure systems are large evaporative areas which act as important moisture sources for the adjacent continents. Variations in the oceanic characteristics may influence the moisture transport towards the neighboring landmasses and alter the precipitation. The influence of climatic variability modes manifest not only over the Atlantic Ocean, but also over other oceanic regions, may also interact with the regional hydrological budget, thereby generating long periods of drought or excessive precipitation over the Atlantic rim landmasses.

This Research Topic intends to highlight the advances of the scientific community in investigating the continental precipitation surrounding the Atlantic Ocean and its variability on various temporal and spatial scales.
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The Editorial on the Research Topic
 Wet and Dry Periods in Regions Surrounding the Atlantic Ocean Basin



The Atlantic Ocean is the second-largest of the world's oceanic divisions. It is bounded by the continents of America, Europe, and Africa and at its polewards margins by the Arctic and the Southern Oceans. Different climatic patterns can be observed along its large latitudinal domain, which extends from the equator to sub-polar regions. Thus, different tropical and extra-tropical meteorological systems may have some influence on the characterization of precipitation regimes observed surrounding the basin, such as the Intertropical Convergence Zone (ITCZ), tropical monsoon systems, westerly storm tracks, and atmospheric rivers. The subtropical regions of the Azores and South Atlantic high pressure systems are large evaporative areas which act as important moisture sources for the adjacent continents. Variations in the oceanic characteristics may influence the moisture transport toward the neighboring landmasses and alter the precipitation. The influence of climatic variability modes manifest not only over the Atlantic Ocean, but also over other oceanic regions, may also interact with the regional hydrological budget, thereby generating long periods of drought, or excessive precipitation over the Atlantic rim landmasses.

This Research Topic intends to highlight the advances of the scientific community in investigating the continental precipitation surrounding the Atlantic Ocean and its variability on various temporal and spatial scales. Out of the 10 works published, three of them are focused on the Northeastern Brazil (NE), a region prone to social-economical problems associated with arid climatic conditions and one of the tropical areas with the largest interannual variability in rainfall (de Albuquerque Cavalcanti). Although the linear component of the inter-annual variability may be modulated by the Equatorial Eastern Pacific and tropical South Atlantic sea surface temperature (SST) variability and the associated modifications in the Hadley and Walker cells, the non-linear signal may be influenced by others oceanic regions (da Silva and Mendes). For example, the composite analysis of de Albuquerque Cavalcanti revealed extratropical atmospheric influences of the North and South Atlantic in the pre-rainy season of NE. The non-stationary influence of the Atlantic and Pacific Niños on North Eastern South American rainfall in the twentieth century was investigated by the numerical study of Torralba et al. The authors found that while the Atlantic El Niño was of influence at the beginning of the last century, the Pacific El Niño plays a major role from 1970 onwards. However, the combined effect of both basins after the 1970s amplifies the anomalous rainfall response in the NE. The importance of considering the non-linear processes for a more accurate local precipitation forecast was verified by da Silva and Mendes, who suggested the use of an Artificial Neural Network as a complementary forecast tool for improving the simulation of the daily precipitation over NE during the rainy season by general circulation models.

Still focusing on South America, the South Atlantic Convergence Zone (SACZ) is the dominant summertime cloudiness feature of the subtropics and the western South Atlantic Ocean. In order to facilitate the investigation on SACZ and climate change through the use of numerical simulations, Ambrizzi and Ferraz proposed an alternative objective criterion of the SACZ identification based mainly on precipitation, a variable easily obtained from general circulation models, instead of the intensely used outgoing long wave radiation.

Given the influence of the Tropical Atlantic over the annual migration of the ITCZ and, consequently, over the West African and Brazilian rainfall, oceanic processes in this region was the theme of two model studies. Faye et al. investigated the seasonality of SST and circulation in the North-eastern Atlantic Tropical Upwelling System, a component of the Guinea Gyre characterized by one of the largest annual SST cycles in the tropics. Polo et al. investigated the growth and decay of the equatorial Atlantic SST mode by means of closed heat budget in a coupled general circulation model.

Other studies show the importance of different sub-regions other than the tropical Atlantic in modulating the precipitation. For example, Sori et al. investigated how the moisture transport from the Atlantic Warm Pool may affect North/Central America and Western Europe through a Lagrangian analysis, exploring the interannual variability of moisture contribution from the pool in terms of its areal extent, and of the El Niño Southern Oscillation. Reason and Smart investigated warm events in the tropical south east Atlantic and associated episodes of large positive rainfall anomalies over Southern Africa during its late rainy season (February–April).

Finally, two articles illustrate the efforts in investigating the precipitation in the Atlantic basin during the past. Wade et al. analyzed the spatial representativeness of rainfall over the Saloum delta (Senegal), from seasonal to decadal timescales, useful for evaluating the significance of local long-term reconstructions of precipitation over northern Africa from paleoclimate proxies. They found that the summer rainfall shows extended spatial coherence associated with the West African Monsoon. An example of historical recompilation using several data sources, such as newspapers, meteorological data digitized from stations in Portugal and Spain and the twentieth century Reanalysis, is the case study of the record precipitation and flood event in south-western Iberia in December 1876 presented by Trigo et al. The authors reported an intense negative North Atlantic Oscillation Index event and the floods resulted from the continuous precipitation recorded between 28 November and 7 December, due to the consecutive passage of Atlantic low-pressure systems fuelled by the presence of an atmospheric-river tropical moisture flow over the central Atlantic Ocean.

The Atlantic Ocean still presents strong challenges in analysis and modeling. Most numerical models have important rainfall, wind and SST biases in the Atlantic, which compromise the representation of the climate. To enhance the reliability of models, the observational record must be better understood, and the origin of ocean variability and the role of the atmospheric components associated with rainfall need to be clarified. For this reason, this issue tackles the different hot topics at the cutting edge of the current state of the art, making a step forward in current understanding of the climate variability in the Atlantic Ocean.
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The rainy season of north-Northeastern Brazil (NE), one of the tropical regions with the largest rainfall interannual variability, is associated with the Intertropical Convergence Zone (ITCZ) influence, which is located in the southermost position during this season (March-April-May). However, there is a large interannual variability in the ITCZ position, associated with atmospheric and oceanic anomalies, responsible for dry or wet years in the region. Besides the tropical Pacific Sea Surface Temperature (SST) anomalies and the Tropical Atlantic SST gradient influences on this variability, extratropical atmospheric influences are identified over the North and South Atlantic. Composites of cases with anomalous precipitation during the middle of the rainy season (April) indicate the El Niño-Southern Oscillation (ENSO) features and northern and southern Atlantic atmospheric anomalies in December-January-February (DJF). When El Niño and La Niña years are removed from the composites of dry and wet cases, respectively, the centers of action over the extratropical North Atlantic in DJF remain, and features of extratropical South Hemisphere become more evident. The tropical SST dipole is still present with inverted signs in each case, consistent with the NE precipitation anomalies. The main mode of variability in the Southern Hemisphere (South Annular Mode) and in the Northern Hemisphere (North Annular Mode) is present in DJF during the dry cases. These annular patterns occur in the composites of Northeast Brazil precipitation anomalies including or excluding ENSO years. Therefore, besides ENSO relations with SAM discussed in previous studies, another connection exists over the South Atlantic, linking anomalies between high and tropical latitudes. The precipitation anomalies over NE have contributions of the two extratropical Atlantic hemispheres regions. The atmospheric anomalies observed in the pre-rainy season can be a helpful tool in monitoring the North Northeastern Brazil rainfall variability.

Keywords: Northeast Brazil, Atlantic Ocean, ITCZ, precipitation anomalies, North Atlantic centers of action

Introduction

The rainy season in the northern sector of Northeastern Brazil (NE) occurs in March-April-May (MAM), associated with the displacement of the Intertropical Convergence Zone (ITCZ) along the year, following the seasonal warm Sea Surface Temperature (SST) displacement north-south (Hastenrath, 1984). The ITCZ variability depends on the tropical inter-hemispheric Atlantic SST and atmospheric circulation mechanisms (Hastenrath and Heller, 1977; Moura and Shukla, 1981; Hastenrath and Greischar, 1993) and affects the NE rainfall. A review of impacts of the rainfall variability in this region was presented in Hastenrath (2012). Besides the tropical Atlantic, the Pacific Ocean has a strong influence on NE precipitation, in El Niño years (Covey and Hastenrath, 1978; Kousky et al., 1984). The changes in the Walker circulation with ascent motion in the eastern or central Pacific and subsidence over Northeast Brazil and Atlantic Ocean during El Niño, were discussed by Kousky et al. (1984), Pezzi and Cavalcanti (2001), Souza and Ambrizzi (2002), and Tedeschi et al. (2013). Enfield and Mayer (1997) showed a relation between the Pacific SST and Atlantic SST in ENSO years. On the other hand, the influence of Atlantic anomalies on the Pacific ENSO, through changes in the Walker circulation was shown by Rodríguez-Fonseca et al. (2009). Besides interannual climate variability, intraseasonal variability indicated by Madden and Julian Oscillation (MJO) affects NE precipitation, as shown in Kayano and Kousky (1999).

Influences of synoptic systems on a daily basis that cause heavy precipitation over Northeast Brazil have been discussed by Kouadio et al. (2012), who analyzed the influence of easterly waves, (Kousky, 1980), who identified squall lines, and Cavalcanti (2012), who reported specific events associated with easterly disturbances. Other synoptic system that can affect rainfall variability over north Northeast Brazil is the upper tropospheric cyclonic vortice (Kousky and Gan, 1981). These synoptic systems are affected by larger spatial and temporal scales of atmospheric and oceanic conditions.

Extratropical teleconnection influences, such as the Pacific North America (PNA) pattern on NE rainfall was discussed in Rao and Brito (1985) and Nobre and Shukla (1996). Extreme precipitation events over NE were also associated with middle latitude wavetrains from the North and South Hemispheres (Liebmann et al., 2011). Extratropical features in December-January-February (DJF) associated with the shifting of the North Atlantic Oscillation (NAO) centers are connected to the ITCZ position in April (Souza and Cavalcanti, 2009). When the ITCZ is displaced southward, there are two anomalous centers of Sea Level Pressure (SLP) or geopotential at middle levels over extratropical North Atlantic, which are related to the shifting of the positive phase of NAO centers of action. In this way, the subtropical North Atlantic High is enhanced, intensifying the northerlies trade winds and pushing the convergence zone southwards. At the same time, the SST in the tropical North Atlantic is colder than normal, consistent with the stronger than normal trade winds and the atmospheric circulation at low levels. When the ITCZ is displaced northwards of the climatological position, the tropical SST and extratropical atmospheric anomalies display opposite conditions.

In the present study, wet and dry cases over northern NE, in April, are selected to analyze the atmospheric extratropical features in the Atlantic region more extensively, extending the area to the Pacific Ocean and removing the ENSO effects in order to identify other features associated with the NE precipitation.

Data and Method

The period of analysis is 1980–2009, accomplishing 30 years of climatology. Monthly precipitation data was obtained from the Global Precipitation Climatology Project (GPCP), (Adler et al., 2003) with horizontal resolution of 2.50 × 2.50. Monthly SST with horizontal resolution of 20 × 20, from Extended Reconstructed Sea Surface Temperature (ERSST), (Smith et al., 2008), and monthly atmospheric data from ERA–Interim reanalyses with horizontal resolution of 1.50 × 1.50 (Dee et al., 2011) were used to analyze the large scale features.

The area of analysis is the northern of Northeast Brazil (NE). Wet and dry cases over NE in April are selected using the Standardized Precipitation Index (SPI) proposed by McKee et al. (1993), applied to the spatial average of precipitation anomalies in the area (460W− 350W; 60S− 20S). The index identifies extreme wet/dry (SPI ≥ 2.0/SPI ≤ −2.0), severe wet/dry (1.5 ≤ SPI ≤ 2.0)/− 2 < SPI ≤ −1.5), and moderate wet/dry (1.0 ≤ SPI < 1.5)/(− 1.5 < SPI ≤ −1.0) conditions. Another category was introduced to identify weak wet and dry cases (0.5 < SPI < 1.0/− 1.0 < SPI < −0.5) that affect also the region. The index is obtained dividing the precipitation anomaly by the standard deviation. The anomalies were calculated considering the climatological period of 1980–2009. Composites of wet and dry selected cases and new sets without ENSO years are analyzed to identify other features. ENSO years were obtained from CPC/NOAA MAM conditions. The students test was applied to precipitation composites to show the significance of each wet and dry cases. Precipitation and SST anomalies of April, and atmospheric fields of DJF are analyzed for the composites. An Empirical Orthogonal Function (EOF) analysis is applied to SLP anomalies over the Atlantic Ocean to discuss the relations between the main modes of interannual variability and the precipitation anomalies over NE.

The evolution of the tropical Atlantic SST dipole defined as the difference between the tropical North Atlantic (200N–100N; 500W–200W) and tropical South Atlantic (00–100S; 300W–100W) anomalous SST is compared to the evolution of NE SPI during the analyzed period. The precipitation variability in NE is also compared to the timeseries of the Principal Component coefficients associated with the second mode of Atlantic SLP variability. Correlations of NAI index defined in Souza and Cavalcanti (2009) as the normalized SLP anomaly difference at two points, P1: 350N; 400W and P2: 500N; 100W, with SLP anomalies in all grid points, reinforce some aspects of extratropical influences. Correlations of SLP in the anomalous center close to South Africa (500S; 50E), identified in Souza and Cavalcanti (2009), with other gridpoints are analyzed to investigate extratropical connections. Timeseries of anomalous pressure over extratropical South Atlantic are compared to NE SPI.

Composites of Wet and Dry NE. Precipitation and Atmospheric/Oceanic Anomalies

In Table 1 and timeseries of SPI for April (Figure 1, blue line) it is seen that there are not cases in the extreme category. There are two wet and dry severe cases, four moderate wet cases, five moderate dry cases, four wet weak cases, and three dry weak cases. Although there is one severe wet case in the 80's and one in the first decade of the twenty-first century, there are more dry cases in the first decade than in the last decade. This finding could suggest a relation to trends in the tropical Atlantic SST. However, the timeseries of SST dipole, in Figure 1 (black line), does not show such trend. A longer timeseries should be analyzed to explore the trends in the Atlantic and Pacific that could be related to trends in NE precipitation, which is out of the present study objective. An inspection in the precipitation anomalies of all individual cases shows that they present similar influences of the ITCZ displacement. Therefore, a composite analysis was performed with 10 cases in each category (Figure 2). The influence of ITCZ is very clear in the composites. Although the ITCZ develops over the ocean, the strongest precipitation anomalies occur over the extreme northern sector of NE and anomalies extend to eastern Amazonia, in both wet and dry cases. At the same time, opposite anomalies occur over northern South America and in part of southeastern South America. The opposite conditions in the north are associated with the displacement of the ITCZ southwards in the wet NE and northwards in the dry NE. The opposite sign in the southern region is likely to be associated with wavetrains from the Pacific Ocean and moisture flux anomalies from the Amazon region. Anomalies in the Indonesia and Pacific region can trigger Rossby wavetrains identified in several studies of precipitation and convection anomalies over South America, such as Mo and Higgins (1998), Mo and Paegle (2001), Cunningham and Cavalcanti (2006) among others. Precipitation anomalies over La Plata basin have been also related to moisture flux from tropical regions of South America (Drumond et al., 2008). While this latter mechanism can be related directly to precipitation anomalies in the tropical South America, the former connection with the ITCZ behavior needs further investigation, which is out of the present study scope.

Table 1. Selected years in each category of Wet and Dry April cases.
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FIGURE 1. SPI time series in north-Northeastern Brazil (460W–350W; 60S–20S) (blue line) and timeseries of SST dipole, defined as the difference between the tropical North Atlantic (200N–100N; 500W–200W) and tropical South Atlantic (00–100S; 300W–100W) anomalous SST (0C) in April.
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FIGURE 2. Precipitation anomaly composites (mm/day) [shading] of (A) wet and (B) dry April years in north-Northeastern Brazil. Contour lines above 1.8 (wet) and below −1.8 (dry) indicate regions in NE with significance of 95%.



The SLP anomalies composites in DJF for wet and dry cases display the North Atlantic extratropical high-low dipole, with opposite signs in each category (Figure 3, contour), similar to that found in Souza and Cavalcanti (2009) in cases of the ITCZ displacement. In the wet composite, the anomalous high pressure over the North Atlantic indicates its influence on the southward shifting of the ITCZ, and also on the establishment of cold waters in the tropical North Atlantic. At the same time there is low pressure over the South Atlantic Ocean, which favors the positive SST anomalies in the tropical South Atlantic region. In the dry composite, the anomalous low pressure center over the North Atlantic is consistent with the northward ITCZ displacement and warm waters in the tropical North Atlantic. SST anomalies in April (Figure 3, shaded), display the Tropical Atlantic dipole or SST north-south gradient, which is typical of the ITCZ displacement (Hastenrath and Greischar, 1993; Nobre and Shukla, 1996). The presence of the Atlantic extratropical atmospheric anomalies is consistent with the SST anomalies.
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FIGURE 3. SST anomaly in April (0C) [shading] and SLP anomaly in DJF (hPa) [contour] (A) wet cases; (B) dry cases.



The extratropical high-low pressure dipole in the dry and wet composites is related to the second mode of variability over the Atlantic Ocean, resulting from an EOF analysis of SLP, as seen in Figure 4B. The SLP main mode of variability in DJF over the Atlantic Ocean is the NAO, seen in Figure 4A. It was suggested, in Souza and Cavalcanti (2009) that the two extratropical centers of action associated with the displacement of the ITCZ represented the shifting of the NAO centers. This shifting can produce climate anomalies also over western Europe, with anomalous high or low pressure, as seen in Figure 3. Among others, the role of NAO on precipitation over Europe has been discussed by Trigo et al. (2002), focusing on the Iberian Peninsula, and by Uvo (2003), on Norway, Sweden and Finland. Shifting of NAO centers was analyzed by Vicente-Serrano and López-Moreno (2008) in interdecadal scale, showing influences over Europe. Figure 3 shows that low (high) pressure anomaly would favor wet (dry) conditions in western Europe, during DJF. The relation between anomalous precipitation in NE and the second mode of SLP is shown in Table 2 and Figure 5. For example, the severe dry year of 1980 (negative SPI) has positive PC, which indicates negative SLP anomaly at the southern center of extratropical high-low dipole over North Atlantic. On the other hand, the severe wet year of 2009 has negative PC, which point to positive anomaly in that center. All dry years, selected by SPI, except 1998, have positive principal component coefficients of second mode (PC2) that indicate the desintensification of the North Atlantic Subtropical High, which is consistent with the ITCZ displaced northwards. The SST dipole is also positive, except in 1991, which indicates warmer tropical North Atlantic that favors the northward ITCZ displacement (Table 2). The relation between the PC2 and SPI for wet cases does not occur every year, and the SST dipole favorable to southward ITCZ displacement occurs in 7 out of 10 years. In the next section, the influence of the extratropical South Atlantic region on NE precipitation is discussed to show its complementary contribution for NE precipitation variability.
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FIGURE 4. EOF of SLP in DJF, 1980–2009 (A) First mode, (B) Second mode.



Table 2. Signs of: Principal component coefficients of mode 2 (PC2), SST dipole, defined as the difference between the tropical North Atlantic (200N–100N; 500W–200W) and tropical South Atlantic (00S–100S; 300W–100W) anomalous SST, anomalous SLP at 400W; 600S (ASLP ATLSUL).
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FIGURE 5. Timeseries of Principal Component Coefficient of the second mode of SLP variability represented in Figure 4 (black line) and timeseries of NE SPI (blue line).



Besides the two centers of action over the extratropical North Atlantic Ocean, an anomalous SLP center near the west coast of North America changes sign from wet to dry cases, being located at the same region of the northern center of the Pacific Decadal Oscillation (PDO). Influences of PDO on South America precipitation, including NE region were discussed in Kayano and Andreoli (2007). The combined effect of ENSO and PDO has impacts on South America. Andreoli and Kayano (2005) showed the circulation changes in cases of ENSO and PDO and their influences over South America. They mention the existence of divergence at high levels in the tropical region, Rossby wavetrains in both hemispheres, changes in the subtropical jet stream and in the Walker and Hadley cells. In the extratropical South Hemisphere, the alternating SLP anomalies over South Pacific also change signs, as well as the center to the south of South Africa, in the wet and dry composites (Figures 3A,B).

Composites without ENSO Years

As the composites include ENSO years, its signature is seen in the anomalous SST composites (Figure 3, shading). There are La Niña conditions (cold anomalies in Eastern equatorial Pacific) in wet cases, and El Niño conditions (warm anomalies) in dry cases. These characteristics are expected, since the NE precipitation is affected by ENSO, as seen in several studies (e.g., Covey and Hastenrath, 1978; Kousky et al., 1984; Kayano et al., 1988; Kayano and Andreoli, 2006; Tedeschi et al., 2013). Therefore, to remove the ENSO influence, the wet composites were divided in groups of La Niña years and without La Niña years and the dry composites were divided in groups of El Niño years and without El Niño years. Table 3 indicates El Niño and La Niña years.

Table 3. El Niño and La Niña (April years).
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Figure 6 shows the precipitation anomaly composites of six neutral ENSO years in each category (indicated in bold in Table 2). The same features observed in the total composites are identified, indicating that other mechanisms responsible for the precipitation anomalies are still present. The SST Tropical Atlantic dipole is still present in both wet and dry composites without ENSO years and also consistent with the ITCZ influence on NE precipitation. The wet composite without La Niña still shows colder than normal waters in the eastern equatorial Pacific (Figure 7A), but in the dry cases there are also cold anomalies in this region (Figure 7B). Analyzing year-by-year, negative SST anomalies close to western South America occurred, although weaker, in April of some years of wet or dry composites. Even excluding ENSO years, western and extratropical Pacific SST anomaly configuration display opposite signs in wet and dry NE, but extratropical atmospheric patterns over the North Pacific are very different. The SST composites of wet and dry cases, in the Pacific Ocean, display opposite SST anomalies at equatorial data line and a boomerang-shape pattern, also with opposite anomalies. Tedeschi et al. (2013) identified boomerang patterns in ENSO composites and discussed their extratropical influences on atmospheric circulation with impacts on South America precipitation. It is seen in the present study that these patterns happen also in neutral ENSO years. Opposite SST anomalies in each composite are seen also close to western North America and southern South Pacific. A connection of these opposite SST anomalies in the Pacific with atmospheric circulation and effects on NE precipitation in non-ENSO years is still a subject of investigation.
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FIGURE 6. Precipitation anomaly composites (mm/day) [shading] of (A) wet and (B) dry years in north-Northeastern Brazil, excluding ENSO years. Contour lines above 1.5 (wet) and below −1.5 (dry) indicate regions in NE with significance of 95%.
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FIGURE 7. SST anomaly in April (°C) [shading] and SLP anomaly in DJF (hPa) [contour] excluding ENSO years (A) wet cases; (B) dry cases.



The two North Atlantic extratropical anomalous centers of opposite signs remain in the wet and dry composites, consistent with the tropical North Atlantic SST anomalies, after removing the effect of ENSO (Figure 7). In April 2009, heavy precipitation and flooding occurred in several areas of Northeast, and these anomalous North Atlantic extratropical centers were identified, as shown in Cavalcanti (2012). In the SLP anomalous composites, the pattern changes over the Pacific close to the western coast of North America compared to the total composites. In both wet and dry composites there is a north-south dipole of high-low pressure, indicating that it does not have relation with NE precipitation anomalies (Figure 7). Over the extratropical South Pacific and South Atlantic, opposite anomalies are identified in the wet and dry composites, which may act as forcing of changes in the tropical South Atlantic atmospheric circulation.

The centers of action over the North Atlantic are identified also in the geopotential at 500 hPa level (Figure 8). In the wet composite they are part of a wave number three configuration in the Northern Hemisphere, identified by the troughs and ridges. In the dry composite, the positive phase of the North Annular Mode (NAM) can be recognized, with negative geopotencial anomalies over the polar region and opposite anomalies at middle latitudes. In the Southern Hemisphere (Figure 9), the dry composite of geopotencial anomalies at 500 hPa displays the negative phase of the Southern Annular Mode (SAM), with positive anomalies over the polar region and negative anomalies at middle latitudes. In the wet composite a wavenumber one is evident at middle and high latitudes. Therefore, in the dry case, the NAM and SAM in opposite phases seems to be extratropical forcings influencing tropical features. It is suggested that the intensification of the North Polar Vortex (positive NAM phase and associated lower pressure) and desintensification of the South Polar Vortex (negative SAM phase and associated higher pressure) could affect the tropical atmospheric circulation by changes in the Atlantic Subtropical Highs and in the trade winds.
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FIGURE 8. Geopotential anomaly in DJF, N.H., at 500 hPa (mgp) excluding ENSO years (A) wet cases, (B) dry cases.
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FIGURE 9. Geopotential anomaly in DJF, S.H., at 500 hPa (mgp) excluding ENSO years (A) wet cases, (B) dry cases.



Centers of Action Over the Extratropical North and South Atlantic Oceans

Correlations of the NAI index with SLP anomalies in all grid points, show the two centers of action over the North Atlantic and opposite anomalies at high latitudes of the North and South Hemispheres, besides features of the Southern Oscillation (Figure 10A). The correlation of anomalous center close to South Africa (500S; 50E), identified in Souza and Cavalcanti (2009) and also shown in the second mode of SLP variability (Figure 4B), with the other grid points, indicate relations of SAM, ENSO features and tropical Atlantic (Figure 10B). The relation between ENSO and the Antarctic Oscillation or SAM has been identified and discussed in several studies, such as Carvalho et al. (2005), L'Heureux and Thompson (2006), Fogt et al. (2012). Opposite correlations between eastern equatorial Pacific and equatorial Atlantic regions, seen in Figure 10B, are related to the ENSO influences, as discussed in Covey and Hastenrath (1978). The connection of the SAM with tropical South Atlantic is also seen in Figure 11, which shows correlations of the South Atlantic SLP average (350W–00) between 500 S and latitudes from the Southern Pole to the equator. The same sign at high and tropical latitudes and opposite signs at middle latitudes seen in Figure 11, were discussed by Mo and White (1985), who showed correlations of zonally averaged anomalies of SLP at 500S with other latitudes, in the austral wintertime. Here, the same connections occur in the austral summer time, however only for the Atlantic sector.


[image: image]

FIGURE 10. (A) Correlations of NAI with SLP with significance levels of 90% (above 0.24) and 95% (above 0.3), (B) correlations of SLP at 500S; 50E with other gridpoints, with significance of 95% above 0.3.
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FIGURE 11. Correlation of South Atlantic SLP average (350W–00) between 500 S and latitudes from the Southern Pole to the equator.



To investigate the role of the extratropical South Atlantic region on the NE precipitation, the variability of anomalous pressure at (400W; 600S), identified as a center with opposite signs in Figure 7, is analyzed in Table 2 and Figure 12. The composites show anomalous low pressure for wet cases and anomalous high pressure for dry cases over extratropical Pacific and Atlantic close to South America. Four out of the six cases without El Niño (without La Niña) presented positive (negative) anomaly in this center. In the other two dry cases, the North Atlantic centers of action were favorable (PC2 +). In the other two wet cases that presented positive anomalous SLP in the extratropical South Atlantic, one had influence of the North Atlantic PC2 (1995) and in 2006 the two indices and also the SST dipole were unfavorable to anomalous NE rainfall. This year was selected as weak wet in the SPI category, and other features could be responsible for the anomalous precipitation, like the easterly disturbances or the high level cyclonic vortex position, discussed in the introduction.
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FIGURE 12. Timeseries of anomalous SLP at 400W; 600S (black line) and timeseries of NE SPI (blue line).



Conclusion

Composites of wet and dry cases over northern Northeast Brazil (NE) indicated that besides ENSO influences, there are extratropical Atlantic anomalies, which affect the precipitation variability of this region. Removing the ENSO influence, both Atlantic hemispheres contribute to the precipitation anomalies over NE. The extratropical centers of action, displayed by the second mode of North Atlantic atmospheric variability, have strong influences on the ITCZ and NE precipitation. The high (low) pressure anomalies of the southern center affect the tropical SST and trade winds, which result in ITCZ shiftings and wet (dry) cases over NE. High latitude anomalies over the South Atlantic affect also the tropical features of atmosphere and ocean. Low (high) pressure anomalies occur over extratropical South Atlantic in wet (dry) cases. The combined influence of both extratropical hemispheres contributes to the strong precipitation anomalies over northern NE region.

The SAM centers, which represent the dominant Southern Hemisphere mode of variability, have connections with the tropical Atlantic and seem to affect also the conditions for ITCZ displacement. When NAM and SAM are well-characterized and in opposite phases, an anomalous high pressure dominates high latitudes of the Southern Hemisphere at the same time that anomalous low pressure dominates high latitudes of the Northern Hemisphere in the Atlantic. These anomalous atmospheric conditions seem to influence NE precipitation variability particularly during non-ENSO years. Additional analyses are necessary to further understand the inter-hemispheric extratropical influence on convection in the ITCZ and precipitation over NE. However, observed anomalies over extratropical North and South Atlantic in DJF could be used in monitoring rainfall during the peak of the rainy season over Northeastern Brazil.
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The non-stationary influence of the Atlantic and Pacific Niños on North Eastern South American rainfall
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Rainfall variability over the tropical Atlantic region is dominated by changes in the surface temperature of the surrounding oceans. In particular, the oceanic forcing over Northeast of South America is dominated by the Atlantic interhemispheric temperature gradient, which leads its predictability. Nevertheless, in recent decades, the SST influence on rainfall variability in some tropical Atlantic regions has been found to be non-stationary, with important changes of the Atlantic and Pacific influence on Sahelian rainfall which appear to be modulated at multidecadal timescales. In this work, we revisit the SST influence over Northeast of South America including the analysis of the stationarity of this relationship at interannual timescales. Principal Component Analysis has been applied to the interannual component of rainfall during the March-April-May season. Results show how the SST forcing on the first mode of rainfall variability, which is a dipole-like pattern generated by the changes in the seasonal migration of the Intertropical Convergence Zone, is different depending of the considered period. The response to the SST anomalies in the Pacific basin is opposite to the Atlantic one and affects different areas. The Atlantic Niño influences rainfall variability at the beginning of the XX century and after 1970, while the Pacific Niño plays a major role in the variability of the rainfall in the Northeast of South America from 1970 onwards. The combined effect of both basins after the 1970s amplifies the anomalous rainfall response.

Keywords: multidecadal modulations, Northeastern South America rainfall, interannual variability, SST forced response, atmosphere general circulation models

Introduction

The northern South America is a complex region, because it is a large territory where different weather systems act. This region includes the Amazon region with one of the most intense convective activity areas in the world (Andreoli et al., 2012) and also the northeast of Brazil which is characterized by frequent and intense droughts due to its semiarid climate (Nobre and Shukla, 1996; Rao et al., 2006). The interaction between different atmospheric phenomena that appear in the whole region and local surface conditions (like topography, vegetation, and land use), generates a non-homogenous rainfall distribution that varies in a wide temporal and spatial range (Espinoza Villar et al., 2009; Sierra et al., 2015).

The present work focuses on the Northeast of South America (NESA) defined hereafter as the region between the 15 N–15 S and 30–75 W. The annual cycle of precipitation in that region is led by changes in the position of the Intertropical Convergence Zone (ITCZ), which suffers meridional shifts following the seasonal movement of insolation, producing bimodal or unimodal precipitation patterns over specific regions of South America and causing non-periodic events of droughts or floods in NESA region (Sperber and Palmer, 1996; Uvo et al., 1998; Poveda et al., 2006). The annual cycle of precipitation over NESA is not completely explained by the ITCZ excursions, the existence of regional processes strongly influences the amounts of precipitation over the region, defining local rainfall patterns (Sierra et al., 2015). The position of the ITCZ also plays an important role in the connection of the rainfall variations over the Northeast of South America with rainfall anomalies in the Sahel region (Rao et al., 2006). When the ITCZ is displaced to the south (north), higher than normal rainfall occurs over the Northeast of South America (Sahel).

The ocean is the main driver of interannual to decadal changes in rainfall in the NESA. At interannual timescales, anomalous rainfall is driven by changes in the tropical Atlantic sea surface temperatures (SST) and the remote influence of the tropical Pacific anomalous SSTs (Giannini et al., 2004; Grimm and Tedeschi, 2009). Rodrigues et al. (2011) have found how the tropical Pacific exerts influence over the tropical Atlantic in a way that El Niño has a positive effect on Atlantic Niños. Precipitation variability is thus driven by the two leading modes of variability of SST in the tropical belt: the Atlantic Niño (Zebiak, 1993) and the Pacific Niño (Philander, 1990). Although the separated influence of the tropical Atlantic and Pacific oceans on NESA has been documented, to our knowledge there is no work tackling on the stationarity of their relationship with NESA rainfall. Moreover, recent studies have found how the Atlantic and Pacific Niños appear anticorrelated in summer during the decades after the 1970s and at the beginning of the XX century (Polo et al., 2008, 2015; Rodríguez-Fonseca et al., 2009; Martín-Rey et al., 2012, 2014). The concomitant action of both basins on the NESA rainfall region has not been yet explored, although important impacts have been found for the Sahel (Losada et al., 2012; Rodríguez-Fonseca et al., 2015). Such studies have highlighted that the SST influence over West African region is not stationary. In this way, before the 1970s, the Pacific El Niño has a different impact over Sahelian rainfall than after that period. These works have demonstrated that this variability is due to the non-linear relationship between the precipitation in that region and the SST in the tropical Atlantic.

All these findings have encouraged us to explore the stationarity of the SST influence on the interannual variability of rainfall in some regions of the North of South America. The present study analyses the non-stationarity in the interannual variations of rainfall in NESA, as well as the associated influence of the Atlantic and Pacific tropical basins when they act together in opposite phases (Altantic El Niño and Pacific La Niña) as was observed after the 1970s.

The first part of this work presents an observational analysis which includes an assessment of the stationarity of precipitation anomalies and their relation with SST variability in the tropics. In the second part, we study the response obtained using sensitivity experiments that consider the concomitant influence of the Atlantic and Pacific main modes of interannual variability on the region.

This paper is divided as follows. Section Materials and Methods describes the used datasets and the methodology used. The results are shown in section Results and discussed in section Discussion and Conclusions.

Materials and Methods

Datasets

Precipitation

To undertake robust analyses, three high resolution land surface precipitation datasets are used. They are based on station data using different methods of spatial interpolation from the rain-gauge station locations to the nodes of the 0.5° grid. The interpolations are carried out with different versions of the Shepard's algorithm (Shepard, 1968; Willmott et al., 1985). The datasets are: Climate Research Unit version 3.1 (CRU TS 3.1, Harris et al., 2013; from 1901 to 2009), University of Delaware (UDel, Matsuura and Willmott, 2009, from 1900 to 2008); and Global Precipitation Climatology Center (GPCC, Schneider et al., 2008, from 1901 to 2007). These three data bases only have information over land which is a handicap for continuity studies of analysis of ITCZ-related variability.

Sea Surface Temperatures and Indices

Hadley Centre Sea Ice and Sea Surface temperature (HadISST) data is used (Rayner et al., 2003). This dataset provides reconstructed monthly SST and sea ice data on a horizontal grid with a resolution of 1° × 1° and spans from 1870 to 2011.

Two indices are calculated from this dataset at interannual scales: the ATL3 and NINO3 indices. The ATL3 index (Zebiak, 1993) is defined through the SST anomaly mean in the tropical Atlantic located between 3°N–3°S and 20°W–0°. The Niño3 index (Trenberth and Stepaniak, 2001) results from the SST anomalies averaged in the equatorial Pacific region (5°S–5°N, 150°W–90°W).

Methods

Statistical Analysis

To find out how the rainfall variability is organized in NESA region, Principal Component Analysis (PCA/EOF) has been applied to three different observational datasets. This discriminant analysis statistical technique is very useful to extract modes of variability explaining a high percentage of the field variance (Wilks, 2006). The analysis is applied to define the modes of precipitation variability for each of the three datasets considered. The study focuses on the assessment of the leading mode of variability with the aim of inferring the associated mechanisms involved in the origin of the anomalous rainfall in NESA.

The rainfall variability in the studied region has a strong variability at different timescales. In this paper we focus on interannual timescales. Therefore, in order to remove the decadal influence, the anomalous precipitation time series are filtered using a Butterworth filter (order 10, cut-off period of 13 years), which is applied at each grid point before the EOF analysis (Mann, 2008).

The statistical significance shown along this work has been obtained from a Student t-test with α = 0.05.

Atmospheric General Circulation Model Experiments

AGCM simulations are used in this study to check the concomitant action of the Atlantic and Pacific tropical forcing on the NESA region. These simulations were carried out in Losada et al. (2012) to study the oceanic influence over West Africa. However, given the similarities between the SST variability modes that affect both tropical regions (Rao et al., 2006) and the fact that we want to verify the same hypothesis of the Atlantic and Pacific influence on NESA, we have considered their use in this study. The simulations were performed with the Atmospheric Global Coupled Model (AGCM) UCLA v.7.3 (Mechoso et al., 2000; Richter et al., 2008) with a horizontal resolution of 2.5° in longitude and 2° in latitude and a vertical resolution of 29 levels.

Three AGCM experiments have been analyzed. In the first experiment the SST anomalies prescribed are those from whole tropical region (Atlantic and Pacific) and they are added to the climatological SST values for the period 1979–2005, which is considered as the reference period. In these experiments, an Atlantic Niño appears together with a Pacific La Niña. In the second experiment the SST anomalies in the Tropical Atlantic (corresponding to an Atlantic Niño) are retained and they are added to the SST climatology in the Atlantic basin for the reference period. In the third experiment the anomalies in the Tropical Indo-Pacific are considered (Corresponding to a Pacific La Niña) and they are added to the mean SST values, for the reference period in the Indian and Pacific basins.

All the experiments are 14-month long (from February to April), 10-member ensemble integrations, in which the ensembles differ in a slight perturbation of the initial conditions. The control simulation is a 10-member ensemble integration with climatological, monthly-mean varying SST corresponding to the 1979–2005 period and the difference of the control simulation with the sensitivity experiments has been used to assess the response to the anomalous SST over the rainfall in the NESA region. We have focused our analysis in the rainy season (MAM) of the Northeast of South America.

Results

Seasonal Cycle and Variability Modes of Precipitation

The annual cycle of precipitation over tropical South America shows the characteristics of a monsoon system, with distinct wet and dry seasons for many areas (Gan et al., 2004). To explore the latitudinal evolution of rainfall throughout the year in the NESA region, a hövmoller diagram of the rainfall is presented (Figure 1A).
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FIGURE 1. (A) Hövmoller diagram with the evolution in time and latitude of the average precipitation per month in the region of 35–65 W. (B) Seasonal average of rainfall for UDel in the boreal spring months, March–May, (top panel) and autumn months September–November (bottom panel). Units are mm/day. Contours show the standard deviation.



The hövmoller (Figure 1A) shows a maximum of the precipitation from February to April, between 5°S and the Equator. It is followed by a displacement to the north by mid-April and a strong reduction of rainfall south of the Equator. These features in the evolution of rainfall determine the rainy season in the region, which corresponds to the boreal spring (MAM, March-April-May). Horizontal maps in the NESA region have been also represented in Figure 1B, including the seasonal means in MAM (March-April-May and in SON (September-October-November). It can be seen how rainfall ranges from 18 mm/day during the boreal spring, to 0 mm/day during the autumn season. These abrupt changes in rainfall coincide with the meridional movements of the ITCZ, a result that has been highlighted by many authors (Moura and Shukla, 1981; Sperber and Palmer, 1996; Uvo et al., 1998; Giannini et al., 2004), who also deem the ITCZ as the main driver of the rainfall variability in the Northeast of South America.

To evaluate the precipitation variability at interannual timescales, the leading mode of MAM rainfall variability has been determined using Principal Components Analysis (Figure 2). This analysis has been carried out using the three datasets considered in the study which have been filtered using a Butterworth filter. The variance percentages explained by CRU, UDel, and GPCC are 23.8, 24.4, and 24.2%, respectively.
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FIGURE 2. (A) Leading empirical orthogonal function of the March-April-May (mm/day per std in the PC) anomalous rainfall. The regions with correlations significant at the 95% level are contoured. (B) Standardized principal component (PC1). They are associated with CRU (blue line), UDel (red line), and GPCC (green line) rainfall anomalies in March-April-May.



The spatial pattern of this mode of variability displays the same structure for the three datasets (Figure 2A). It corresponds with a dipole-like pattern, suggesting that the anomalies in the rainfall are linked to the meridional displacements of the ITCZ, which would increase rainfall in one side of the equator and decrease in the other. Therefore, when the ITCZ does not reach its most southern position (close to the northeast) droughts appears in northeast Brazil, but when the ITCZ stays longer in the south, heavy rains occur in the northeast of Brazil. The anomalies in the ITCZ shifts are mainly produced by variations in the SST interhemispheric gradient in the Atlantic (Uvo et al., 1998).

Principal components (PC) time series (Figure 2B) show remarkable changes in amplitude, from a [–1 1] range in the 1950–1970 period to a [–2 2] range in the previous and forthcoming decades. In fact, the variances in both periods have been compared and they display significant changes in amplitude in certain periods which could be due to the existence of external influences, as those given by the ocean, acting changing the amplitude of rainfall variability at those timescales.

In order to clarify the factors modulating these changes in amplitude (non-stationarities), in the next section, a study is done for separate periods including the analysis of the relation to the ocean.

Influence of SST on the Rainfall Interannual Variability

The regression map obtained from the projection of the PC associated with the first EOF of precipitation from the UDel dataset onto the SST anomalous field (Figure 3A) shows that lower precipitation (higher precipitation) in the northeast of Brazil region is connected with a warming (cooling) at the East of the tropical Pacific, together with positive (negative) anomalies of the SST over the tropical North Atlantic and negative (positive) anomalies over the tropical South Atlantic. The SST anomalies over the tropical Atlantic produce the strengthening (weakening) of the SST interhemispheric gradient. This result agrees with those obtained previously by other authors (Harzallah et al., 1996; Chiang et al., 2000; Cazes-Boezio et al., 2003), who affirm that the dipole rainfall pattern over the NESA region is related to variability in the position of the ITCZ, which in turn is produced by SST anomalies.
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FIGURE 3. (A) Regression map of anomalous SST onto the PC1 (°C/std in the PC) obtained for UDel dataset. The regions with correlations significant at the 95% level are contoured. (B) Twenty year moving window correlation between the standardized PC1 associated with the leading mode computed UDel and the ATL3 index (red line). In the horizontal axis, the year in which the period of 20 year starts is represented. (C) Twenty year moving window correlation between the standardized PC1 associated with the leading mode computed UDel and the NINO3 index (red line). In the horizontal axis, the year in which the period of 20 year starts is represented. The dark blue lines show the thresholds over which correlations are significant at 95% confidence level.



The SST anomalous patterns related to rainfall variability in the NESA region include the two main modes of variability at interannual timescales in the Pacific and Atlantic basins, the Atlantic and the Pacific Niño, which agrees with those described by Hastenrath (2006) with an influence on the rainfall variability. To analyse the stationarity in the relationship between the rainfall and the Atlantic and Pacific Niño in the NESA, correlations have been computed between the leading PC of rainfall and the ATL3 and NINO3 indices using a 20-year sliding window (Figures 3B,C).

An interesting result arises when correlating the PC from UDel dataset with the ATL3 index (Figure 3B). The correlations are only significant in the periods 1905–1920 and 1965–1980 in agreement with changes in the PC amplitude. Similar behavior has been obtained when using CRU and GPCC datasets (not shown). The non-stationary relationship between ATL3 and the PCs seems to be robust and it means that the leading rainfall mode of variability is only modulated by the Atlantic Niño in certain periods (when the correlation is significant). This result is in agreement with the one obtained by Losada et al. (2012) for the Sahel and López-Parages and Rodríguez-Fonseca (2012) for Europe and demonstrates the importance of evaluating teleconnections with rainfall in a non-stationary way. Also the relationship between the Atlantic and Pacific Niños has been found to be modulated only during some decades, which coincides with those obtained in the present analysis (Martín-Rey et al., 2014; Polo et al., 2015). This absence of stationarity has been found to be related to changes in the background state of the ocean, for which different dynamical mechanisms operate and produce the emergence of different teleconnections (Martín-Rey et al., 2014).

Regarding the influence of the Pacific El Niño, Figure 3C displays the sliding windows correlations between NINO3 index and rainfall PC obtained with UDel dataset. From the 1970s the correlation between the PC and the NINO3 index is strong and statistically significant, while before the 1970s the correlation is weak and not statistically significant. Similar results were obtained with the other two long datasets (not shown). Hence, the relationship between rainfall in NESA and SST in the Pacific is also non-stationary.

The present results agree with a former study of Chiang et al. (2000), who showed that the Atlantic ITCZ variability is linked to that for the eastern Pacific in a non-stationary way through the Walker circulation as it respond to changes in equatorial Pacific convection. We speculate that the Atlantic ITCZ variability, that is the main driver of the rainfall over the NESA region, can be modulated by the Atlantic-Pacific Niños connection. In that work the authors present graphical information (not interpreted) of this Atlantic-Pacific connection in relation to their findings, a fact that further encourage the importance of our results.

In summary, although the Atlantic has a significant influence at the beginning of the XX century and after the 1970s, both the Atlantic and Pacific main modes of interannual variability have a significant impact on the PC only after the 1970's, because at the beginning of the XX century the Pacific influence is not significant. Such change of impacts could be related to the late 1970s climate shift reported by Baines and Folland (2007), who argue that in the 1970s decade relevant characteristics of the climate changed. Such changes were particularly relevant over the Tropical regions, changing rainfall over the Amazon basin and northeast Brazil. In addition Chiang et al. (2000) indicated that the influence of the Pacific on the Atlantic as consequence of multidecadal changes in the ITCZ could be due to multidecadal changes in the ocean mean state and this could be responsible of enhancing convection in the western equatorial Atlantic. This multidecadal modulation will be further analyzed in the next section.

Multi-decadal Modulation of Precipitation: Before and After 1970

To confirm the relationship between the anomalous rainfall and the SST anomalies in the Atlantic and Pacific, the influence of NINO3 and ATL3 has been analyzed for two different periods 1900–1970 and 1970–2008 and rainfall composite analysis has been performed.

The composite maps which shows the relationship between the ATL3 index and the rainfall in the study region (Figure 4A) have been calculated as the difference between the composite map of the UDel rainfall (mm/day) for the event ATL3 > 1 minus the composite map for the event ATL3 < −1 in the period before 1970 (left column) and after 1970 (right column).
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FIGURE 4. Difference between the composite map of the UDel rainfall (mm/day) for the event. (A) ATL3 > 1 minus the composite map for the event ATL3 < −1 in the period before 1970 (left column) and after 1970 (right column). (B) NINO3 > 1 minus the composite map for the event NINO3 < −1 in the period before 1970 (left column) and after 1970 (right column). Contoured areas represent the values of the differences, expressed in mm/day, while the regions with correlations significant at the 95% level are shaded.



The composite analysis suggests that before the 1970s, the effect of the positive phase of the Atlantic El Niño on anomalous rainfall on NESA is a dipole-like pattern of rainfall anomalies, with positive anomalies in the northeast of Brazil and negative anomalies in the north of NESA (Figure 4A). This pattern might be related to the significance relationship observed in the Figure 3B during the decades of 1910–1940. These composite maps have been also computed for CRU and GPCC datasets and they show a similar pattern (not shown). After 1970 the pattern is a dipolar structure (Figure 4B) as in the previous period (Figure 4A), although the anomalies are slightly weaken, due to the shorter period (1970–1990) in which the observed correlation is significant (Figure 3B). The pattern coincides with the first mode of variability for the high frequency rainfall in NESA region. Some differences exist, however, as those significant anomalies located closer to the coast that could be explained for the higher vicinity of the Atlantic Ocean and, therefore, with a higher influence of this basin over the rainfall.

When an Atlantic Niño occurs, positive SST anomalies appear in the Tropical South Atlantic. These positive anomalies weaken the interhemispheric gradient of the Atlantic SST, and this fact enhances the shift of the ITCZ to the Southern Hemisphere and the appearance of rainfall in the northeast of Brazil region. This anomalous pattern, linked to the ATL3 index, suggests the Atlantic Niño as one of the essential phenomena explaining the interannual variability of the precipitation in the NESA region.

To ensure the robustness of this result, an AGCM simulation in which SST anomalies in the tropical Atlantic (TA experiment) with an Atlantic Niño configuration are prescribed is analyzed (see section Methods for description). Figure 5A presents the rainfall anomalies corresponding to the tropical Atlantic experiment, indicating a significant increase of precipitation in the equatorial rainfall with a decrease in the north of the NESA region, as a response of warm SST anomalies in the equatorial Atlantic.
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FIGURE 5. (A) Rainfall anomalies for the Atlantic Niño simulation. (B) Rainfall anomalies for the Pacific Niño simulation. (C) Rainfall anomalies for the simulation in whole Tropical region (Atlantic Pacific). Contoured areas represent the values of the rainfall, expressed in mm/day, while the regions with correlations significant at the 95% level are shaded.



Regarding the Pacific, the different response of the NESA rainfall to the Pacific El Niño before and after 1970 is examined by calculating the composite maps of anomalies. These maps have been calculated as the difference between the composite for Pacific Niño events minus the composite for Pacific Niña events in two different periods (Figure 4B). These composite maps have been computed based on the years with NINO3 > 1 (Pacific Niño) and years with NINO3 < −1 (Pacific Niña). Before 1970 (Figure 4B, left column) negative anomalies appear in the northwest of South America, but in the northeast of Brazil there are no significant anomalies in the rainfall. This result reveals that the Pacific Niño events do not project on the interannual leading mode of variability of the rainfall in the NESA region during this period. However, after 1970 the anomalous pattern shows higher similarity with the leading mode of interannual rainfall variability over NESA (Figure 2A), especially over the southern centers of action of the mode. This result confirms the influence of the Pacific Niño in the interannual variability of the precipitation over the whole Amazonian basin during those decades (Rodrigues et al., 2011; Kayano et al., 2013).

To confirm this result, an AGCM sensitivity experiment for the tropical Indo-Pacific region is evaluated (see section Methods for description). Rodríguez-Fonseca et al. (2009) showed that after the 1970s, the Atlantic and Pacific El Niños were highly anticorrelated and Losada et al. (2012) performed AGCM sensitivity experiments to explore the influence of this interbasin connection on Sahelian rainfall. Therefore, to be consistent with the previous AGCM experiment, in which an Atlantic El Niño was simulated, we have chosen to analyse a simulation for the Pacific La Niña. The climatology used in both simulations starts after 1970, when the influence of the Pacific SST is higher (Figure 3C). It can be seen how the response to a cooling in the Pacific is an increase in rainfall over the Atlantic coast of South America, which extends to latitudes south of the Equator (Figure 5B).

If we assume a linear response of rainfall to the SST anomalies [as was found in Losada et al. (2012) for the Sahel], the sum of the Pacific and Atlantic response is a reinforcement of the signal over the northeast of Brazil, as shown in Figures 5A,B. To test such hypothesis, we plot in Figure 5C the rainfall response over NESA given by the simulation in which Atlantic El Niño and Pacific La Niña SST anomalies were used. The combined effect of the two basins produces a dipole-like pattern similar to the leading mode of variability. The positive anomalies in the north of equatorial region in the Atlantic coast of NESA region related to the Atlantic Niño are strengthen by the effect of the Pacific Niña which produce and increase of rainfall in the study region. Thus, contrary to the Sahel in which the concomitant action of both basins cancels the individual signals, over the NESA, the Atlantic-Pacific Niños connection adds their individual effects on rainfall. This novel result is very important for predictability issues and to better assess the SST influence on rainfall in the region.

Discussion and Conclusions

In this work the interannual rainfall variability in the Northeast of South America has been investigated in relation to the ocean forcing, with special emphasis in the non-stationarities of the found teleconnections. In particular, the different effect of the Pacific and Atlantic along time is explored together with the concomitant action of both basins on NESA rainfall.

The study focuses on the first mode of variability of the rainfall during the March-April-May season, which is characterized by a north-south dipole-like pattern which appears in response to the variability in the ITCZ shifts produced by SST anomalies. We show through observational and AGCM simulations how SSTs anomalies in the tropical basins can influence rainfall over NESA at interannual timescales. On the one hand, the anomalous heating in the equatorial Atlantic following an Atlantic El Niño configuration leads to increased rainfall over NESA through a southward shift of the ITCZ due to the subsidence north of the Equator. On the other, a cooling in the Pacific associated with a Pacific Niña event leads to rainfall increase over NESA through convergence in the Amazon region due to the compensation of surface divergence over the east tropical Pacific.

However, we also show that the impact of such SST interannual modes of variability on rainfall over NESA is non-stationary. While the Atlantic Niño produces rainfall variability at the beginning of the XX century and after 1970, the Pacific Niño does not have a big impact until the 1970s. In the period from 1920 to 1970 the rainfall variability in the NESA region could be attributed to the Atlantic interhemispheric mode. Our results also suggest that, after the 1970s, the response to concomitant anomalies of SST in the Pacific and Atlantic basins (Rodríguez-Fonseca et al., 2009) is of the same sign over NESA, producing an enhancement in the response when both basins act together.

More work is needed to identify the causes to this non-stationarity in the teleconnection between the Atlantic and the Pacific Niño with the rainfall variability. Why the Atlantic and Pacific exert a different impact on rainfall depending on the period is a question that remains open, although it could be related to the hypothesis posed in Rodríguez-Fonseca et al. (2015) for the Sahel, in which changes in the ocean background state related to the Atlantic Multidecadal Oscillation are identified as possible modulators of the interannual teleconnections. Also, it is necessary to analyse the relative impact of decadal variability over the rainfall in the northeast of South America.
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The ability of the Artificial Neural Network (ANN) and the Multiple Linear Regression (MLR) in reproducing the area-average observed daily precipitation during the rainy season (Feb–Mar–Apr) over the north of the Northeast of Brazil (NEB) is examined. For the present climate of Dec-Jan-Feb from 1963 to 2003 period these statistical models are developed and validated using the observed daily precipitation and simulated from the historical outputs of four models of the fifth phase of the Coupled Model Intercomparison Project (CMIP5). The simulations from all the models during DJF and FMA seasons have an anomalous intensification of the ITCZ and southward displacement in comparison with the climatology. Correlations of 0.54, 0.66, and 0.66 are found between the simulated daily precipitation of the CCSM4, GFDL_ESM2M, and MIROC_ESM models during DJF season and the observed values during FMA season. Only the CCSM4 model displays a slightly reasonable agreement with the observations. A comparison between the statistical downscaling using the nonlinear (ANN) and linear model (MLR) to identify the one most suitable for the analysis of daily precipitation was made. The ANN technique provides more ability to predict the present climate when compared to MLR technique. Based on this result, we examined the accuracy of the ANN model in project the changes for the future climate period from 2055 to 2095 over the same study region. For instance, a comparison between the daily precipitations changes projected indirectly from the ANN during Feb–Mar–Apr with those projected directly from the CMIP5 models forced by RCP 8.5 scenario is made. The results suggest that ANN model weights the CMIP5 projections according to the each model ability in simulating the present climate (and its variability). In others, the ANN model is a potentially promising approach to use as a complementary tool to improvement of the seasonal numerical simulations.
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Introduction

The Intertropical Convergence Zone (ITCZ) is the main meteorological system in large scale responsible for the rainy season over the north of the Northeast of Brazil (NEB) (Hastenrath et al., 1984; Xie and Carton, 2004 and references therein). This system is a semi-permanent low-pressure band of clouds that circle the globe near the equator on the confluence region of the southeasterly and northeasterly trade winds from the Southern and Northern Hemispheres, respectively. Climatologically the ITCZ follows the seasonal march of the sun: the northernmost position occurs in July to September and the southernmost position is observed during December to February (Biasutti et al., 2003). As reported by Xie and Carton (2004) there is an apparent lag in the meridional excursion of the continental precipitation band. The possible causes are the heat reservoirs such as soil moisture and oceanic influences.

The rainy season over north of the NEB occurs due the meridional position of ITCZ closest to this region. The seasonality or persistence of warm waters over the Tropical South Atlantic favors the transport of the moisture into the interior of the NEB. In opposite, in periods in which the ITCZ is anomalously to the northward are expected drought conditions over the north of the NEB. As mentioned in Grodsky and Carton (2003) the anomalous displacement to the northward occurs in the presence of changes in inter-hemispheric Sea Surface Temperature (SST) gradient over the Atlantic Ocean. The development of the equatorial cold tongue in June persisting through September month maintains the ITCZ to the northward of the equator.

In general, the climate models show high degree skill in simulating the precipitation over the NEB region (Misra, 2004) in comparison with others regions of Brazil. Such characteristic is explained in part due the linear processes that dominate over the nonlinear processes in this region. The linear processes are influenced directly by the modifications in Hadley and Walker Cells in response to interannual variability in SST field over the Equatorial Eastern Pacific and the local impact of the South Tropical Atlantic Ocean. However, the nonlinear signal is influenced by SST variability that is found over others oceanic basins as the North Atlantic (Kayano and Andreoli, 2004) the North Pacific (Kayano and Andreoli, 2004; da Silva et al., 2011) and the Indian Ocean (Taschetto and Ambrizzi, 2012). The large SST anomalies over these oceanic basins seem to influence indirectly the linear impact and consequently the precipitation variability over the NEB. As mentioned in Silva et al. (2014) the precipitation field shows an inherent complexity determined by the global water cycle in association with the behavior of many factors such as moisture distribution over the continents, thermodynamics, and dynamical aspects, among others. This variable has an extreme relevance due the direct importance in many sectors of the society and environment. However, the spatial and temporal variability of the precipitation are not yet reproduced satisfactorily by the numerical models. This leads some questions that are addressed in present study:

(i) Are the CMIP5 models able to reproduce the main rainy season over the north of the NEB during the present climate?

(ii) What is the more adequate statistical downscaling approach to improve the model simulations during the present climate: the Artificial Neural Network (ANN) or the Multiple Linear Regression (MLR)?

(iii) Which one of these statistical models is more appropriate to project future scenarios of climate change based on CMIP5 runs?

It is worth mentioning that the scope of this paper is simple but efficient analyses relative to the performance of the ANN and MLR models to improve the General Circulation Models (GCMs) outputs. However, a brief discussion regarding the anomalous structure of the simulated ITCZ by these models is described to help in interpretation of the results. The statistical downscaling is used in this study as a refinement method to bridge the complex relationship between the large-scale and local atmospheric features for the present climate. The captured relationships are also designed to project regional climate change from direct outputs of the GCMs. The MLR have been introduced into meteorology and oceanography as a statistical model in a first stage in comparison with the ANN that is more recent at ends of 1990s approximately.

The ANN is able to learn and generalize the nonlinear relations between the predictor and predictand datasets. It also does not require a priori knowledge of the process. The disadvantage is that the relations learned are hidden in the structure not described in mathematical expression. The MLR captures the linear relations between these datasets that can be expressed in mathematical terms. The limitation of this model is the priori assumption about the consistency of this relationship.

The literature refers to the statistical downscaling through the ANN as an alternative to minimize the deficiencies of the GCMs (Gardner and Dorling, 1998). The technique allows the establishment of statistical links between the observed large-scale circulation and the precipitation or temperature fields by applying transfer functions to the GCMs outputs. Recently, Silva and Mendes (2013) elaborated a ANN model using as predictand variables the seasonal hindcasts of precipitation anomalies from the Climate Forecast System v2 (CFSv2) model and the observed dominant modes of anomalous SST over the South and North Atlantic to reproduce the precipitation during the rainy seasons over the south and north of the NEB region. The authors obtained fairly success in using the ANN approach as a complementary tool for the climate studies. However, there are few studies that explore the temporal downscaling by using the ANN method over the NEB region. The literature is focus mainly over the Amazon Basin (Mendes and Marengo, 2010; Mendes et al., 2014) and Southeast (Johnson et al., 2012) and South of Brazil (Ramírez et al., 2006).

The main objectives of the present study are twofold: to compare the performance of the temporal nonlinear (ANN) and linear (MLR) downscaling methods in predict the area-average observed daily precipitation during the rainy season over the north of the NEB for the present climate; and to examine the accuracy of the more adequate statistical method in project changes for the future climate over the same region. To investigate the future climate we use the CMIP5 model outputs forced by the Representative Concentration Pathways 8.5 (RCP8.5) scenario that is derived directly from the A2r scenario (Riahi et al., 2007). The choice for the RCP8.5 scenario is that in comparison with the others RCPs it corresponds to the pathway with the highest greenhouse gas emissions and concentrations leading to radiative forcing of 8.5 W.m−1 at the end of the century (Moss et al., 2010). The assumptions are summarized in Riahi et al. (2011): high population and relatively slow income growth with modest rates of technological change and energy intensity improvements, leading in the long term to high energy demand and greenhouse gas emissions in absence of climate change policies.

Section Materials and Methods describe the design of the statistical simulations. Section Results for the present and future climate analyses and the Section Summary refers to the main results.

Materials and Methods

The region of study is the north of the NEB that is detached by the red box between 2 and 7°S; 40 and 45°W as displayed in Figure 1. The 41 years of observed daily precipitation data for the present climate of 1963–2003 period derived from the South America 24 Gridded Precipitation dataset – SA24 (Liebmann and Allured, 2005) is obtained over this region. For the same period, we used the historical simulations of precipitation derived from the Coupled Model Intercomparison Project phase 5-CMIP5/IPCC (http://cmip-pcmdi.llnl.gov/cmip5). The projections of changes in precipitation field for the future climate of the 2055–2095 periods are obtained from the CMIP5 models forced with the high emission scenario RCP8.5 (940 ppm) as shown in Table 1.
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FIGURE 1. Location of the study region: North of the NEB delimited by the red box between 2 and 7°S; 40 and 45°W. The location is similar as in Silva and Mendes (2013). Adapted from http://mapas.ibge.gov.br.



Table 1. Observed and CMIP5 models daily precipitation dataset.
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For the observations the area-averaged daily precipitation is calculated over the study area during the rainy season from Feb–Mar–Apr (FMA) and for two previous lag months from Dec-Jan-Feb (DJF). The correlation between the observed daily precipitation during DJF and FMA is also calculated. Also, the differences between the normalized time series of the observed daily precipitation and the CMIP5 simulations during FMA season are shown. To explain such differences is calculated the anomalies of SST and precipitation over the Atlantic Ocean using as observations the ERSST version3b (Smith et al., 2008) and CAMS_OPI v0208 (Janowiak and Xie, 1999) datasets, respectively. All dataset are interpolated to a 1° lat-lon grid as in observations. Regarding the future climate period we also calculated the area-averaged daily precipitation during FMA season as derived from the CMIP5 runs.

The performance of the temporal downscaling through the ANN and MLR is compared with emphasis in ability to predict the tendency during present climate. Changes projected for the future climate derived directly from the grid box daily precipitation simulated by the CMIP5 models are compared with the changes simulated indirectly through the ANN. For the ANN and MLR methods the simulations are designed as in Table 2.

Table 2. Design of the statistical downscaling with the ANN model.
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The ANN model is based in a learning technique in parallel. Through a sequence of predictors variables designed as input the network is trained to fit weights for those that can have contributed to the variability of predicted variables (target dataset). The learning technique has an advantages of generalization in which the input dataset should be divided in training (used to obtain the network weights), validation (used to obtain the accuracy of the model), and test (used to obtain the realistic estimative of the performance of the model). The network maps the predictors in a second set of output variables that are compared with the desired target and corrections are made until the model reaches the lowest possible error. In our study the skill model is analyzed through the Mean Squared Error (MSE), the linear correlation coefficient (corr) and the bias. The ANN has a capacity to identify approximate nonlinear relations between the predictor and predictand and their derivatives without a prior knowledge of a specific nonlinear function (Ramírez et al., 2006).

As in Silva and Mendes (2013) the Multilayer Perceptron architecture is used that is more adequate network for meteorological applications because the weather and the climate can repeat along the chronological time but never exactly in the same way (e.g., Cardoso and da Silva Dias, 2004). The Figures 2, 3 represent the topology of the ANN used in the present study for the present and future climate analyses, respectively. For both simulations the Multilayer Perceptron topology is interconnected in a feed-forward method. This method allows that the information of one hidden layer with the eight tangent sigmoid neurons be forward in direction of the input nodes to the output nodes.
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FIGURE 2. ANN topology used for the present climate simulations.
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FIGURE 3. ANN topology used for the future climate simulations.



The resilient backpropagation is the training function with a gradient descent, and the momentum weight and bias is the learning function. The training function used allows eliminating the effect of the sigmoid transfer function in the hidden layer. The effect surges when the input is large that forces to their gradient must approach zero tending to very small magnitude values favoring low changes in the weights and biases. To estimate the accuracy and reduce the effect of over-fitting, the cross-validation is applied. For instance, the training dataset is divided in 60% for training; 20% for validation; and 20% for test.

In Figure 2 the target dataset is the observed daily precipitation during FMA season of 1963–2003 over the north of the NEB. The input is the daily precipitation during DJF season of the same period and region that are extracted from the observations and CMIP5 outputs. The result of the ANN model is the output relative to the daily precipitation simulated for the present climate during FMA season. In Figure 3 for the future climate analyses the target is the daily precipitation during FMA season of the 1963–2003 previously predicted through the ANN. The input dataset are the values of precipitation for the FMA season of the 2055–2095 periods and the output is simulation of the ANN model relative to the precipitation scenario for the FMA season.

The Equation (1) express the MLR model in which a output y (predictand) is dependent of a set of input (predictors) that are independent variables x1, x2, …, xp (p > 1). The values α is the y-intercept, βk(k = 1, 2, …, p) are the weights and ϵ is the forecast error.
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The idea in using the MLR is to adjust predictors that are a set of daily precipitation during DJF season over the north of the NEB derived from the CMIP5 models to a predictand, the observed daily precipitation during FMA season over the same area. This implies in identify the lagged influence of each CMIP5 model in capture the most part of the variability in precipitation over the study region.

For the ANN and MLR models the predictors and predictand variables are normalized in interval [0, 1] by min-max formula similar as Sajikumar and Thandaveswara (1999):
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A posterior normalization in interval [−1,1] is assuming that
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So, when: v′ = 0, v″ = −1; when v′ = 1, v″ = 1 implying that −1 = b and 1 = a + b′ resulting in:
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Results

Present Climate

The observed and simulated normalized time series of daily precipitation for FMA season are displayed in Figure 4. The observed anomalies in Figure 4A are calculated in relation to the mean of 8.13 mm.day−1. The median value of 8.21 mm.day−1 suggests that the extremes in normalized time series do not affect the mean value. The Figure 4B show high discrepancies between the CMIP5 outputs in modeling the present-day precipitation for FMA season. The MIROC_ESM model simulates the worst results overestimating the precipitation during the Feb–Mar months and underestimating in April. The GFDL_ESM2M model underestimates the daily precipitation amplitude along the time series and the CNRM_CM5 model shows a higher variability an extreme values. The differences between the models in modeling the large-scale precipitation patterns imply that is necessary to considerer the use of statistical techniques to improve the present simulation and future climate projections. In others, is relevant to apply the refinement methods in the GCMs outputs mainly in improving of their mean and variability.
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FIGURE 4. Observed (A) and simulated from the CMIP5 models (B) daily precipitation over the north of the NEB during FMA season from the 1963–2003 period.



The outputs from the CCSM4, GFDL_ESM2M, and MIROC_ESM models during DJF season are most correlated with the observed FMA season precipitation (Table 3). The correlations values are of 0.54, 0.66, and 0.66, respectively. However, only the CCSM4 model displays a slightly reasonable agreement in terms of variability in the normalized series. The considerable differences in the mean and the variability between the observed and modeled daily precipitation values justify the differences found in correlations observed in the Table 3.

Table 3. Lagged correlation between the normalized daily precipitation time series derived from the CMIP5 models for the DJF season and observed for the FMA season during the 1963–2003 period.
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In order to investigate these discrepancies we compare the simulated mean SST and precipitation from each model over the Equatorial Atlantic Ocean with the observed field (Figures 5A,B, 6A,B, respectively) that results in the anomalous fields (Figures 5C–J, 6C–J, respectively). The observed SST for the DJF season shows a warm pool in a region extending into the 5–8°S with values of 26–28°C and maximum magnitude on the eastern basin. The precipitation band is located over the equator region, between 5°S and 8°N onto which the trade winds converge from the North and South Hemispheres (Figures 5A, 6A, respectively). During FMA season the warm pool intensifies along the central basin and coast of the NEB and vicinity of the Equatorial Atlantic Ocean. As response an intensification of the precipitation along these regions is observed during FMA season with a notable maximum nucleus over the north of the NEB (Figures 5B, 6B, respectively).
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FIGURE 5. On the left panel the DJF mean SST during 1963–2003 period along the equator area for the observation (letter A) and the DJF anomalies for the CCSM4, CNRM_CM5, GFDL_ESM2M e MIROC_ESM models (letters C, E, G, and I respectively). On the right panel the same sequence as on the left panel except for FMA (the mean in B, and the anomalies in D, F, H, J). All data are interpolated to a lat-lon grid with 1°. The respective maps were constructed from the IRI/LDEO Climate Data Library.
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FIGURE 6. On the left panel the DJF mean precipitation during 1963–2003 period along the equator area for the observation (letter A) and the DJF anomalies for the CCSM4, CNRM_CM5, GFDL_ESM2M e MIROC_ESM models (letters C, E, G, and I, respectively). On the right panel the same sequence as on the left panel except for FMA (the mean in B, and the anomalies in D, F, H, J). All data are interpolated to a lat-lon grid with 1°. The respective maps were constructed from the IRI/LDEO Climate Data Library.



Siongco et al. (2014) analyzed 24 of the CMIP5 models and found significant deficiencies in reproduction of the ITCZ structure with either the west or the east Atlantic bias and no model matches the observed precipitation distribution. Our analysis for the DJF and FMA seasons shows that the CCSM4, CNRM_CM5, GFDL_ESM2M, and MIROC_ESM models have a cooling (warming) bias over the western (eastern) basin with anomalies below −0.5°C (above 0.5°C). The more intense values are found on the eastern Equatorial Atlantic Ocean (Figures 5C–J, respectively). The anomalous precipitation fields shows that all the models suffer with deficiencies in representing the magnitude and mean position of the continental and oceanic ITCZ that is displaced to southward in comparison with the climatology (Figures 6A,B).

The CCSM4 model shows above mean precipitation in both seasons as indicative of Atlantic Niño mode (Richter et al., 2014) that may occurs in response to impact of inter-El Nino variability on the Tropical Atlantic over the Northeast Brazil (Rodrigues et al., 2011). The warmer SST anomalies in the eastern Equatorial and Tropical South Atlantic Ocean favor the southward ITCZ displacement and consequently the above average precipitation values over the NEB (Figures 6C,D). As seen in the Table 3 the observed precipitation during FMA is more correlated with the outputs from GFDL_ESM2M, MIROC_ESM, and CCSM4 models. However, only the CCSM4 model displays a slightly reasonable agreement with observation in terms of variability on the daily precipitation.

In Figures 6E,F the CNRM-CM5 model simulates a more elongated southward ITCZ structure with above mean precipitation over the eastern than central Equatorial Atlantic basin in accordance with the simulated SST anomalies shown in Figures 5E,F. This model shows the more intense SST anomalous gradient along the Equatorial Atlantic Ocean in comparison with the others in analysis. As consequence the north of the NEB shows below average values mainly during FMA season that is the rainy season on this region. The consequence of this anomalous pattern is also noted in Figure 4B on the simulated daily precipitation time series of the CNRM-CM5 model and the low correlation value of 0.27, the lowest between the models, as shown in Table 3. In the GFDL-ESM2M model simulation there are two anomalous precipitation bands zonally elongated: to the north and to the south of the climatological position of the ITCZ that is considerably stronger than in observation leading above mean values over part of NEB (Figures 6G,H). The MIROC-ESM model shows more longitudinal elongated distribution of precipitation and above average values over the north of the NEB that is reflected in simulated time series shown in Figure 4B.

The results obtained from the best of 10 simulations from the ANN model are displayed in Figure 7 that illustrates the performance of each simulation (y-axis) as function of the epochs (x-axis). The term performance refers to the ability of the network in generalize that is, the trained net is able to give correct outputs dataset from the same class as the learning dataset that it has never trained before. The epoch's term refers to the number of iterations for the input dataset in training. There is no rule to decide the number of simulations however 10 simulations are suggested as appropriate to visualize the differences in curves. The weights are reinitialized random in each simulation and the training iteration is initiated using the new target vectors and set of weights. The best simulation was chosen by analysis of the minimum Mean Square Error (MSE) and the maximum correlation coefficient between the predictors and predictand datasets. In addition, a maximum likelihood between the train, validation, test curves and their faster decay were also considered on choice of the best simulation.
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FIGURE 7. Simulations of the ANN model during the present climate period (1963–2003). In y-axis is the performance of each simulation divided in train (blue line), validation (green line), and test (red line) during different epochs (x-axis).



The simulation 2 shows the best performance and estimated generalization error MSE = |0.05| and correlation coefficient of 0.83 (Figures 7, 8). Although the values of MSE = |0.05| and corr = 0.84 in the simulation 6 it performance is not better than the simulation 2 which compromises the downscaled values. The explanation is that the purpose of training is to reduce the MSE to a low value using the few epochs as possible. The performance in simulation 6 is reached in 1426 epochs that is much long than in simulation 2 and also the respective test set (red line) is worst. Also, the variability of the output dataset obtained in the simulation 2 is better learned than in the simulation 6 (not shown). The Figure 8 shows the cross-validation used to validate the network performance. This means that the network output with respect to target (observed daily precipitation during FMA season of 1963–2003 period over the north of the NEB) for training, validation and test datasets. The equation Output = 0.7*target + −0.051 indicates how close the output is the target dataset. The fitting is reasonably good once the correlation coefficient is 0.83 and 70% of variability in output is explained by the target dataset The value of 0.051 represents the variability of the simulated output due the error term.
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FIGURE 8. Cross-validation result of the best fit obtained in the Simulation 2 with MSE = 0.05 and corr = 0.83. The output simulated using as target the observed daily precipitation during FMA season and input the simulations of this variable from the four CMIP5 models in analysis during DJF season of 1963–2003 period over the north of the NEB is: Output = 0.7*target + −0.051.



The Equation 4 is the result of the MLR model used in the prediction of normalized daily precipitation during FMA season being represented by the relationship between the predictors: the normalized daily precipitation for DJF season observed and simulated by the CMIP5 models. The MSE obtained is |0.09| and the correlation between the predictors and predictand dataset is 0.70. The equation of the MLR derived model is shown as follow:
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This equation defines that −0.17 is the constant value at which the fitted line crosses the y-axis representing the expected response when the predictors are zero. Each predictor (output of each one of the CMIP5 model) is weighted, and the weights denote their relative contribution to the overall adjustment. It is interpreted that the precipitation simulated from the MIROC_ESM and GFDL_ESM2M models during DJF season captures 22% of the variability of the observed daily precipitation during FMA season over the study region. Additionally, the observed daily precipitation during DJF season captures 20% of the variability in precipitation during FMA season. Only a few part of the observed daily precipitation during the rainy season is captured by the simulations of DJF season from the CCSM4 and CNRM_CM5 models. The equation indicates that MLR model not represents the suitable adjustment between the observed daily precipitation during the rainy season of FMA trimester and those predicted in 2 months before during the DJF season.

A comparison between nonlinear x linear methods illustrates that the downscaled values from the ANN model shows an improvement of 13% in terms of correlations coefficient values in comparison with the downscaled time series of the MLR model. This result is analyzed by subtracting the correlation coefficient value of 0.83 calculated between the observation and simulations values of the ANN model with those of the MLR model that is 0.70. Also, the ANN simulates a lesser generalized error of 0.05 in comparison with the obtained of the MLR model that is 0.09 and shows an improvement in the amplitude of the simulated time series.

The Figure 9 shows that ANN and MLR techniques exhibit the same positive tendency as in observation however there are deficiencies to predict the extreme values. Nevertheless, the best prediction of these extremes is found in ANN time series. This means that the MLR model is poorly suited to modeling the complex nonlinear relationships inherent in climate variables. Also, the ANN is more able to capture features of the interannual variability in the daily precipitation. In others, this is a useful tool to understanding of the main features of the precipitation in terms of large-scale atmospheric patterns.
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FIGURE 9. Comparison between the observed (gray line) and simulated daily precipitation by the ANN (blue line) and MLR (red line) models during FMA season of the 1963–2003 period over the north of the NEB.



The plot of the predictand bias (the simulated predictand values minus the observed values) shows that the distribution of errors with values close to zero being more frequent for nonlinear method than linear method (Figures 10A,B, respectively). It suggests that the ANN model is powerful to resolve the physical processes that are nonlinear in the precipitation dataset. However, the refinement methods show a tendency to underestimate high values of precipitation and to overestimate the low ones.
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FIGURE 10. Bias comparison between the simulated daily precipitation by the ANN (A) and MLR (B) models during FMA season of the 1963–2003 over the north of the NEB.



Through the box-plots is shown that the median is similar in the observed and the two downscaled times series (Figure 11). However, the dispersion is best represented in the ANN than in MLR model when compared to the observations. Also, the MLR has a considerably lesser symmetric distribution of values in the predictand time series with a negative tail and more outliers indicating values with an abnormal distance from the other. The downscaled times series show a decreasing of the variance compared to the observations that is also indicated in Figure 9. According the previous results it suggested that the MLR has no skill in simulating the present-day climate over the region probability due the non-linearity imposed between the input and output data. Based on this, we decided to use the ANN method in the next analyses for the future climate.
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FIGURE 11. Box-plots comparison between observed and simulated daily precipitation by the ANN and MLR models during FMA season of the 1963–2003 period over the north of the NEB.



Future Climate

In the simulations for the future climate scenario we used the same ANN topology as those used in simulations for the present climate. The details about the design of the experiments are described in Section Results. We emphasize that the network projections criteria is different from those introduced in Boulanger et al. (2007). By comparing the 2055–2095 with the 1963–2003 periods is observed that all models project a positive tendency of daily precipitation over the north of the NEB (Figures 12A–C). An exception is found in the MIROC_ESM runs that projected a negative tendency and change from positive to negative on the rainy pattern (Figure 12D).
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FIGURE 12. Projections of the daily precipitation on the future climate during FMA season of 2055–2095 period over the north of the NEB simulated by the CMIP5 models: (A) CCSM4, (B) CNRM_CM5, (C) GFDL_ESM2M, (D) MIROC_ESM.



The changes on the future climate projected by CMIP5 models for the 2055–2095 periods are validated with those obtained indirectly through the ANN model. The baseline is the predictand time series previously simulated for the present climate during the 1963–2003 period as shown in Section Present Climate. The best simulation results displayed in Figure 13 reached the MSE = 0.02 and correlation of 0.88 between the predictors and predictand datasets (Figure 13A). The result of the cross-validation Output = 0.74*target + −0.02 is interpreted as 74% variability of the output dataset is captured by all models and the uncountable part related to MSE = 0.02 is due the error in simulation. It means that the ANN model performs well in calibrating the climate model precipitation projections. The low MSE value may represent the local forcing as topography and local atmospheric processes that are smoothed in GCMs simulations due their low-resolution grid. We suggest the linear response that favors the relative high skill in predictability over the NEB in comparison with others regions of Brazil as mentioned in Introduction may be compromised when the models are forced by the greenhouse gas forcing RCP8.5. This suggests the importance of the RCP8.5 in change the large scale for the 2055–2095 periods. In Figure 13B the changes projected by ANN model exhibits near similar tendency as in GFDL_ESM2M model although the lower amplitudes.
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FIGURE 13. Results of the future climate change scenario simulation during FMA season of the 2055–2095 period of the ANN model: (A) Cross-validation result from the best fit with MSE = 0.02 and corr = 0.84. The output simulated using as target the simulated daily precipitation during FMA season from the ANN model and input the simulations of this variable from the four CMIP5 models in analysis during FMA season of 2055–2095 period over the north of the NEB is: Output = 0.74*target + −0.02. The letter (B) exhibits the respective time series.



The Table 4 shows the comparison through the correlation coefficient among the projected pattern from the ANN model and those from the CMIP5 models. It is clear that the ANN projection is more influenced by the GFDL_ESM2M response to RCP8.5 forcing. This model also shows a moderate correlation among the normalized daily precipitation during DJF and FMA seasons during the 1963–2003 period as seen in Figure 4 and Table 3. However, in analysis of the Figure 6 the mean structure of the ITCZ is better simulated in CCSM4 model that also show moderate correlation as displayed in Table 3. It suggests that a model may present a better simulation than another for the present-day climate but poorly respond to greenhouse gas forcing.

Table 4. Correlation between the future scenarios for the 2055–2095 period projected direct from the CMIP5 models and indirect from the ANN model.
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The results reinforce that serious uncertainty are still persists since the CMIP3 model version in projections of equatorial precipitation as an expected consequence of global climate change. Ceppi et al. (2013) and some references therein explained that the hemispheres not heat evenly: the north hemisphere warm more swiftly than the south and this imbalance will have a consequent effect on the structure of the ITCZ. This fact underscores the importance of studies as the present here by applying statistical downscaling approach to improve the estimation of the variability to the GCMs outputs.

Discussions

Regarding the complex task that the numerical models in reproduce the precipitation some questions are addressed in this study.

Are the CMIP5 Models Able to Reproduce the Main Rainy Season Over the North of the NEB During the Present Climate?

No, from the four CMIP5 models analyzed there is a high dispersion of the daily precipitation over the north of the NEB justifying the use of downscaling methods. Overall, the differences between the models are reflected mainly in the mean and variability values of the daily precipitation over this region. The simulated daily precipitation by the CCSM4, GFDL_ESM2M, and MIROC_ESM models during DJF season are most correlated with the observed daily precipitation during FMA season. The correlations are of 0.54, 0.66, and 0.66, respectively. These correlations are explained by deficiencies shown in configuration of the anomalies of SST along the Equatorial Atlantic Ocean that result in anomalies in simulated daily precipitation over the north of NEB. Only the CCSM4 model displays a slightly reasonable agreement with the observations.

Regarding this aspect a comparison between the nonlinear (ANN) and linear method (MLR) to identify the one most suitable for the analysis of daily precipitation is made. No additional post-processing is applied on the downscaled outputs and the statistical methods show a decreasing of the variance in the predictand time series. Such feature is commonly encountered in the results of the application of statistical downscaling in climate research (Silva and Mendes, 2013; among others).

What is the More Adequate Statistical Downscaling Approach to Improve the Model Simulations During the Present Climate: the Artificial Neural Network (ANN) or the Multiple Linear Regression (MLR)?

We compared the relative performance of ANN and MLR models in improve the normalized daily precipitation during FMA season over the north of the NEB derived from observed and the CMIP5 outputs during DJF 1963–2003 period. The comparison between the methods is based in analysis of the Mean Squared Error (MSE), the linear correlation coefficient and the variability of the downscaled time series.

The nonlinear downscaling with ANN is potentially promising method of improvement of the explained variance of dataset than linear downscaling with MLR. The temporal downscaling through the ANN appears relatively efficient in correct part of the deficiencies in CMIP5 runs though the improvement of the large scale observed patterns. In terms of correlation coefficient values the improvement is of 13% between the predictors and predictand values from the ANN model compared to those from the MLR model. Also, the estimated errors and the amplitude of downscaled time series is best performed by ANN model.

Which One of These Statistical Models is More Appropriate to Project Future Scenarios of Climate Change Based on CMIP5 Runs?

Excluding the MIROC_ESM model the others ones are relatively coherent in comparing their 2055–2095 climate scenarios pattern over the north of the NEB. They have a tendency of increase of the daily precipitation projected. The projections for the FMA season derived directly from the mean grid box precipitation simulated from the CMIP5 models are compared with those obtained indirectly through ANN method. The baseline is the predictand downscaled for FMA time series. The climate scenario projected by ANN model indicates that the unaccounted explained variance is |0.02| that is the lower possible and corresponding to local forcings that will not change in future warmer climate (Trigo and Palutikof, 2001). This local forcing may be associated with the topography and local convection that are not well incorporated in the numerical models but influence the occurrence of precipitation. It may be suggested that the heavy-emission scenario of CO2 in RCP8.5 is an important forcing of large-scale circulation for the 2055–2095 period. A comparison of the precipitation change projected from the ANN and those from the CMIP5 models indicated that the statistical model weights the CMIP5 runs according to their skill in simulating present-day climate. Similar characteristic is also found by the Boulanger et al. (2007) by comparing the 2076–2100 SRES A2 annual mean precipitation change projected by the ANN with those simulated by the seven models from the IPCC AR4.

Through the obtained results we suggest that the ANN method is an important tool to allow the establishment of complex relationship between large-scale and local climate over the north of the NEB. The complex relationship in the precipitation pattern over this region refers to the influence of local and remote forcing's related to SST variability. The purpose of this study is to emphasize that the ANN method that is used in many operational centers around the world in improvement of the predictability of numerical models needs more studies and applications in Brazil.

Furthermore the similar methodology as the present here will be carry out in analysis of the temporal and spatial dependence of these results with those for the east and south grid boxes over the NEB. The east and south of the NEB are regions with stronger nonlinearity compared with the north region and it is possible that ANN results may vary according to the regions particularities. Another important feature that will be investigated is the improvement when the local forcing, as the microclimate, will be included as predictors in addition with the precipitation simulated by the CMIP5 models.
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The South Atlantic Convergence Zone (SACZ) is the dominant summertime cloudiness feature of subtropical South America and the western South Atlantic Ocean, having a significant influence on the precipitation regime of southeastern Brazil. This paper proposes an objective criterion based mainly on precipitation, as this variable is easily obtained on general circulation models simulating past, present and future climate. Usually most SACZ studies use emerging long wave radiation as a precipitation proxy. This is enough to describe event position at first, but using precipitation would allow for better quantification, especially for climate studies, where precipitation is indispensable. An assessment was carried out to find out if classical DJF period is ideal for determining the SACZ for the present climate and future scenarios. In general the SACZ event detection criterion showed quite satisfactory results when event dates were previously known. When it was applied to future climate scenario it identified a number of events compatible with the present climate. The SACZ was well defined for both the simulated and observed precipitation data.
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Introduction

The South Atlantic Convergence Zone (SACZ) is the dominant summertime cloudiness feature of subtropical South America and the western South Atlantic Ocean. It is readily seen on maps of climatological summertime Outgoing Longwave Radiation (OLR) depicting high clouds and, due its high persistence, the SACZ exerts a significant influence on the precipitation regime of southeastern Brazil.

It was in the early 70's that the first studies about a convective persistent band over South America started to appear in the literature. Taljaard (1972) was probably the first to associate a cloud band over the eastern coast of South America and the convection over Amazonia. Streten (1973) and Krishinamurti et al. (1973) showed the importance of a quasi stationary wave associated with a persistent cloudiness in the SACZ region and the transport of momentum, heat and moisture from the tropics into higher latitudes. With the advent of satellite, Yassunary (1977) using averaged satellite images was one of the first works to emphasize the presence of three areas of persistent summer cloudiness in the Southern Hemisphere (SH), presently known as the Southern Pacific Convergence Zone (SPCZ), SACZ, and the Southern Indian Convergence Zone (SICZ).

Kodama (1992, 1993) noted an approximate 10-day half-period of convection in the convergence zones which may be associated with intraseasonal oscillations. For South America in particular, the results of Kodama suggest that the mean position of the SACZ may somehow be attributable to the deep convection of the Amazon Basin. Figueroa et al. (1995) were able to reproduce low-level convergence in the vicinity of the SACZ in an Eta-coordinate model using a heat source intended to mimic deep Amazonian convection, provided they used a realistic orography and background wind field. They also determined that a successful simulation was dependent on a heat source that varied diurnally. They found the SACZ to form 12–18 h after a peak in Amazon convection, suggesting that short-term variations in the cloud band may be influenced by deep convection in the Amazon. On the other hand, Lenters and Cook (1995) found a realistic SACZ in a general circulation model (GCM) that did not include diurnal variability. They also pointed out the importance of transient moisture flux from the Amazon, though it seems that the extratropical cyclones and fronts have an important role in maintaining the model SACZ.

General Characteristics and Determination of the ZCAS

Normally, the SACZ is a cloud band that appears to either emanate from or merge with the intense convection of the Amazon Basin, extending from tropical South America southeastward into the South Atlantic Ocean, in a NW-SE orientation that remains quasi stationary for several days. The definition of a SACZ event is based not only on satellite images but also on dynamic criteria. Quadro (1994) and Sanches and Silva Dias (1996) defined a SACZ event when the following minimum criteria were observed for at least 4 days:

• 850 hPa moisture convergence

• 500 hPa trough to the west of surface convergence

• Southerly winds to the south of the surface convergence zone

• persistent cloudiness in the satellite imagery

Some climatological characteristics of the SACZ include confluence in low levels well defined extending from central Brazil to the South Atlantic with southerlies and dry air to the south and northerlies in general and moist air to the north. The northerly sector actually may be divided in two different air masses separated by a north south confluence line: northwesterly from the Amazon Basin, very moist and northeasterly from the trade wind areas of the tropical Atlantic to the east. In upper levels the main feature is the Bolivian High to the west, mostly associated with the Amazon convective heat source. The Bolivian High extends to the southeast in accordance with the SACZ orientation. The upper level flow includes a trough off the coast of northeast Brazil, which occasionally closes into a cut off low (Figueroa et al., 1995; Carvalho et al., 2004).

A summary of the yearly occurrence in the summer season (December, January and February) from 1980/81 up to 1999/2000 obtained from Ferreira et al. (2004) may be seen in their Table 1. The duration and the number of SACZ occurrences are quite variable. It is interesting to observe that even during El Niño/Southern Oscillation (ENSO) years there is not any significant variability, though it seems that in El Niño years the frequency of occurrence is less variable than in La Niña (Quadro, 1994; Ferreira et al., 2004).

The relationship between SACZ intensity, position and underlying sea surface temperature (SST) anomalies has been discussed in many studies (e.g., Lenters and Cook, 1999; Robertson and Mechoso, 2000; Barreiro et al., 2002; Carvalho et al., 2004). However, the relationship between mean rainfall associated with SACZ activity and extreme events is not obvious (Liebmann et al., 2001). As discussed by Liebmann et al. (2001) while an intense SACZ may spawn extreme events, it may be short-lived. It seems that long lasting SACZ activity, while not intense enough to produce extreme events, may result in as much rainfall as the intense SACZ, by spread over time. They speculated that extreme precipitation events are related to intense squall lines. More recently, Siqueira and Machado (2004) and Siqueira et al. (2005) using satellite composites provided by the International Satellite Cloud Climatology Project (ISCCP) images and circulation fields from the National Centers for Environmental Prediction (NCEP) reanalysis described three different types of frontal system—tropical convection interaction.

From a global point of view the SACZ is part of a teleconnecting pattern that encompasses the whole SH with a few connecting paths to the Northern Hemisphere. The connection between the SPCZ and the SACZ was first suggested by Casarin and Kousky (1986) through observational data analysis. Later on, numerical simulations using simple barotropic (Ambrizzi et al., 1994; Grimm and Silva Dias, 1995) and baroclinic models (Ambrizzi and Hoskins, 1997) have confirmed the possibility of such relationship. Variations of the SACZ also seem to be linked to the Madden-Julian oscillation (MJO; Madden and Julian, 1994). Several studies have indicated that the SACZ varies as part of a dipole, with an enhanced SACZ being associated with anomalously high OLR (implying low rainfall) centered over Uruguay and extending into Argentina. This dipole, whose centers are elongated from northwest to southeast suggests forcing by a Rossby wave train propagating toward the equator (e.g., Kiladis and Weickmann, 1992, 1997), with negative OLR anomalies occurring in the region of expected uplift ahead of an upper-level trough and positive OLR anomalies in the subsidence region ahead of an upper ridge. This is one of the components of the Pacific-South American teleconnection pattern (PSA, Mo and Ghil, 1987; Kidson, 1988; Farrara et al., 1989). It has been suggested that this teleconnection pattern impacts the SACZ which results in a regional seesaw pattern of alternating dry and wet conditions (Paegle and Mo, 1997; Paegle et al., 2000, and others). Also, at higher frequencies, Kiladis and Weickmann (1992, 1997) and Liebmann et al. (1999) found evidence that SACZ variations are forced by wave activity originating in the extratropics on sub monthly (6–30 day) timescales.

To elucidate the relationship between SACZ and precipitation events, this paper will propose an objective criterion based mainly on precipitation, as this variable is easily obtained on general circulation models simulating past, present and future climate. Besides, most SACZ studies use emerging long wave radiation as a precipitation proxy. This is enough to describe event position at first, but using precipitation would allow for better quantification, especially for climate studies, where precipitation is indispensable. In addition, an assessment will be carried out to find out if classical DJF period is ideal for determining the SACZ for the present climate and future scenarios.

Materials and Methods

This study will use daily precipitation data available on a regular 1 × 1° grid over the area that encompasses the Brazilian Southeast. The timeframe ranges from 1989 to 2005. The gridded fields were constructed from about 7900 stations within 10,168 station data files. Most station records are shorter than the full 65-year period, with some missing observations within the available record. A given grid incorporates all station observations available for that day. With a sufficient density of stations, an occasional missing value will not substantially affect the gridpoint average (Liebmann and Allured, 2005). Henceforth, this dataset will be referred to as LIB.

Dynamic downscaling of HadGEM2-ES (Hadley Centre Global Environment Model version 2 – Earth System) data for two time periods:

1. Present Time: HadGEM2-ES—reference simulation from 1989 to 2005, henceforth, will be referred to as PRE.

2. Future Time: RCP4.5 Scenario simulation from 2079 to 2095, henceforth, will be referred to as FUT.

The dynamic downscaling of HadGEM-ES data was done using the regional model RegCM version 4 (Giorgi et al., 1993). Figure 2 shows the topography of the RegCM. To avoid errors in the interface between the large scale and the region under consideration, we decided to use an area bigger than necessary. Dates when SACZ events happened from 1995 to 2005 were first selected through reference to the monthly climate report published by the Brazilian Center for Weather and Climate Prediction (Centro de Previsão de Tempo e Clima - http://www.cptec.inpe.br/). This showed that 48 SACZ events occurred in the referred timeframe and were distributed according to Figure 1. If the event started in a month and ended in another, it was considered the number of days in each month to determine what month he belonged. For example, 2 days at the end of January and 4 days in early February, the event will be accounted in February.


[image: image]

FIGURE 1. SACZ event percentage from November to March.



SACZ studies usually cover the time period from December to February due to the increased number of events (for example Liebmann et al., 1999). As shown in Figure 1 within the 10 years covered by this study, a higher number of events indeed occurred from December to February, but the number of SACZ events in November and March is significant, with a few occurrences in October as well. Therefore, the present study will consider the entire period from October to March to define the SACZ presence.

The study area (Figure 2) was based on the SACZ coastal influence region shown in Carvalho et al. (2002) (see their Figure 3). The choice of this region was due to its relation to summer rainfall during SACZ events and the availability of datasets with few series failures.


[image: image]

FIGURE 2. Total region used with its regional topography. The two squares inside in the total region represent the study area and the main position of the SACZ pattern.
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FIGURE 3. Percentage of grid points where SACZ events happened when considered the period from October to March.



The monthly climatology of each grid point of the study area was calculated taking into account a 30-year average. A SACZ-related precipitation extreme event was defined as the set of 7 consecutive days with at least 1 day of 35% climatology precipitation or higher, and the sum of the precipitation in the two previous and two posterior days should be equivalent to, at least, 20% of the climatology. Also, the sum of the precipitation in the three previous and three posterior days should amount to 10% of the monthly climatology, and no values should be null.

The previously selected SACZ event dates were then confronted with the dates determined by the aforementioned criterion. Events that deviated up to 2 days of the original date were considered as coincident events. The 2-day gap was included because of future climate data, which in general a month have 30 days. This calendar does not contribute to exactly locate the correct date of the SACZ event.

The above analysis is suitable for real precipitation data, as shown in Figures 3, 4. However, as numerical models do not always represent well the intra-seasonal variability, and as a consequence, systems such as SACZ (Ferraz et al., 2013), principal component analysis (PCA) was used in order to determine the mode more similar to SACZ and then the selection criterion was redefined based in the data rebuilt from the PCA series.


[image: image]

FIGURE 4. Spatial distribution of events with increased date coincidence between the SACZ and a criterion-selected extreme. The light gray color represents the entire study area and the dark gray color shows the coincidence area. (A) Event 10 – January, (B) Event 12 – March, (C) Event 14 – November, (D) Event 15 – February, (E) Event 22, December and (F) Event 24, January.



The new selection criterion consists of:

(1) Determining the mode maximum area and calculating an average for the period,

(2) Rebuilding the PCA series with this average,

(3) Selecting time periods when all of the following conditions are true:

(a) day(i) > 6%CLIM;

(b) [image: image]

(c) [image: image]

(d) [image: image]

The previously selected SACZ event dates were then confronted with the dates determined by the aforementioned criterion, in order to calibrate it and allow for its application to future data. This condition should be repeated for at least consecutive 3 days to be considered an event.

Results

Figure 3 shows the event percentage per grid point, that is, on how many points in the study area grid each of the 48 events is shown. The letters above each bar represent the beginning of the month when the event happened. From this Figure 1 can see that higher event frequency on a larger number of grid points (above 45%) occurred alternately in December and January, with fewer occurrences in February (2), March (1) and November (1).

As shown in Figure 4, the spatial distribution of increased coincidence grid points is set across clearly defined areas. From December to February there is an increased concentration on the states of Minas Gerais and Bahia (to the north of the Brazilian Southeastern Region), which reflects the results presented in Carvalho et al. (2002). In November, this distribution is more concentrated to the south, over São Paulo (event 14 – south of the Brazilian Southeastern Region) and in March it moves to the north, and covers part of Minas Gerais and Bahia (event 12), which suggests that the SACZ migrates from South to North throughout the summer. This variation may be related to event intensity or to the frequency period of the intra-seasonal oscillation that triggered the SACZ event. Ferraz (2004) showed differences in the oscillation periods for both areas. The southernmost area (which includes São Paulo) features more frequent oscillation (10/20 days), whereas oscillation frequency is around 30/60 days further north. A thorough analysis of these events is required for a more comprehensive explanation.

A variability method with SACZ-attributable characteristics was found through principal component analysis. Figure 5 shows the precipitation method for real data, and for present time and future climate scenarios (RCP4.5 Representative Concentration Pathways Emissions from the IPCC Fifth Assessment Report - IPCC AR5 WG1). The ZCAS position presented here agrees with that found by Lenters and Cook (1999) in their REOF 3 pattern.


[image: image]

FIGURE 5. SACZ-related variability methods using actual precipitation data (A - top left), present (B - top right) and future time RCP4.5 (C - bottom left).



The SACZ determination criterion was applied after the maximum precipitation area (marked by a rectangle on Figure 5) had been established. Variability methods were calculated using the 17 years period in each series, but the method was only calibrated with data from the known events timeframe (1995–2005).

Sixty extreme events were selected for the LIB series, and 40 of those are coincident with an actual SACZ event. Forty-five events were selected for the PRE series where 29 of those coincide with a SACZ event. This result indicates that the criterion was accurate for 83% the SACZ cases for the LIB series, but it overestimated the number of extreme events by 25%. For the PRE series, there was 61% accuracy, but the number of events was underestimated by 9%.

Figure 6 shows the average event duration for each month, where the SACZ column represents actual events found in the literature. For present time data, it can be seen that events last 7 days on average, and they last longer from January to March and in October, and shorter in November and December. For future time data (FUT), the average number of days is bigger in January (up to 9 days), followed by December (approximately 6 days). However, assessments of individual cases reveal very long events (lasting up to 25 days) that are generally overestimated by the PRE series, but overall both the LIB and the PRE series underestimate event duration (Figure 7). Several studies have shown that HADGEM-ES data underestimate the actual precipitation (Vogel, 2012; Zhang et al., 2013; Dike et al., 2014), in particularly over the SACZ, Cavalcanti and Shimizu (2012) showed a decrease in precipitation in this region in present time. The LIB gridded fields are made by averaging all available stations within a specified radius of each grid point. The radius was chosen to be 0.75 times the grid spacing, so as to ensure that every station was included in at least one grid point. In grid points with high station density benefit from spatial smoothing by blending numerous individual observations. In regions of low station density, however, there are many gridpoint values based on a single station report or a very small number of stations (Liebmann and Allured, 2005). In this way, Liebmann and Allured (2005) explain that extreme events (heavy storms) localized in areas smaller than the grid spacing will be considerably weaked by averaging with other stations. Such aspects may explain the decrease in intensity of events presented in Figure 6, in relation to real events.
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FIGURE 6. Average duration of actual SACZ events (blue bar) detected by the criterion in the LIB (orange) and PRE series (gray), and events detected in the FUT series (yellow).




[image: image]

FIGURE 7. Duration (in days) of each SACZ event: actual (line), and detected by the criterion for the LIB (hatched bar) and PRE (gray bar) series.



When average precipitation in the maximum precipitation areas is compared for the 48 events (regardless how they were detected), it is clear that PRE data overestimates precipitation in the area (LIB), which may explain the increased number of events detected by the criterion in this data series (Figure 8). As for future climate scenario data (FUT), the increase is even more significant in every month. Cavalcanti and Shimizu (2012) showed an increase in precipitation in the SACZ region in the future data during Austral summer.
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FIGURE 8. Average precipitation in the method area, weighed by the number of events, during the 48 SACZ episodes for the LIB (orange) and PRE (green) series, and during the 73 episodes detected in the FUT series (violet).



When applied to the 17 years of data available for the FUT series, the criterion revealed 73 events distributed according to Figure 9. Event distribution was similar to the present climate, with more events from December to February, whereas for the other months the number of events was slightly lower for the future climate. Looking at the event duration one can see a few long events in January and December; they are, however, shorter than the ones found in present climate (Figure 10).
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FIGURE 9. SACZ event percentage from November to March for future time.




[image: image]

FIGURE 10. Duration (in days) of every SACZ event simulated for the FUT series.



Discussion

The SACZ event detection criterion proposed here showed quite satisfactory results when event dates were compared with previously known ones. When it was applied to future climate it identified a number of events compatible with the studied timeframe. The SACZ was well defined for both the simulated and observed precipitation data.

Considering the 60 months of data reviewed, 48 SACZ events were found (0.8 event/month); for future climate, there were 96 months of data and 73 events were found (0.76 events/month). This might suggest a slight reduction in the number of future events, however, there are a few points to consider: when this number is compared with the model simulation, 45 events were found, where 65% coincides with events that happened and 35% are coincident with method-detected events that did not happen. This means that, from the 73 events, only 49 would actually happen, which could suggest a significant reduction in the number of the events in the future when compared to the present time. On the other hand, even with the chance of a reduction in the number of events, this would not be directly related to precipitation numbers, as the accumulated average for event months reveals an increase of 55% in precipitation for future climate, which suggests fewer, but more intense events.

Despite being able to determine the characteristics of most of the SACZ events analyzed, the index presented in this study overestimated the number of events. It should be emphasized that we are proposing an objective criterion based only on precipitation, because this variable is easily obtained from general circulation models that simulates past, present and future climate, contrary to OLR and some other variables used nowadays. Of course, this is a first step to identify the SACZ through a simple objective analysis. Further work is still necessary to improve this method and it will be presented elsewhere.
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The climatological seasonal cycle of the sea surface temperature (SST) in the north-eastern tropical Atlantic (7–25°N, 26–12°W) is studied using a mixed layer heat budget in a regional ocean general circulation model. The region, which experiences one of the larger SST cycle in the tropics, forms the main part of the Guinea Gyre. It is characterized by a seasonally varying open ocean and coastal upwelling system, driven by the movements of the intertropical convergence zone (ITCZ). The model annual mean heat budget has two regimes schematically. South of roughly 12°N, advection of equatorial waters, mostly warm, and warming by vertical mixing, is balanced by net air-sea flux. In the rest of the domain, a cooling by vertical mixing, reinforced by advection at the coast, is balanced by the air-sea fluxes. Regarding the seasonal cycle, within a narrow continental band, in zonal mean, the SST early decrease (from September, depending on latitude, until December) is driven by upwelling dynamics off Senegal and Mauritania (15–20°N), and instead by air-sea fluxes north and south of these latitudes. Paradoxically, the later peaks of upwelling intensity (from March to July, with increasing latitude) essentially damp the warming phase, driven by air-sea fluxes. The open ocean cycle to the west, is entirely driven by the seasonal net air-sea fluxes. The oceanic processes significantly oppose it, but for winter north of ~18°N. Vertical mixing in summer-autumn tends to cool (warm) the surface north (south) of the ITCZ, and advective cooling or warming by the geostrophic Guinea Gyre currents and the Ekman drift. This analysis supports previous findings on the importance of air-sea fluxes offshore. It mainly offers quantitative elements on the modulation of the SST seasonal cycle by the ocean circulation, and particularly by the upwelling dynamics.

Keywords: SST, upwelling, circulation, heat budget, observations, modeling

Introduction

The sea surface temperature (SST) is a crucial quantity for studies of both climate variability and marine ecosystem productivity. In the tropical Atlantic, as well as for the other tropical basins, SST exerts a significant influence on the climate of surrounding regions (e.g., [1, 2]). It is also a major indicator of the state of the marine environment relative to phytoplankton biomass needs, particularly for upwelling zone activity, and particularly for coastal upwellings [3]. One of the less studied zones is the Atlantic North-eastern Tropical Upwelling System (ANETUS, examined here from 7 to 25°N and 12 to 26°W). It is also one of the regions experiencing the largest SST seasonal cycle in the tropics. In this study, we propose to present and interpret the full spatial distribution of the processes driving the seasonal cycle of the SST, for the open ocean upwelling regime, as well as at the coasts.

Trade winds and the ITCZ generate large scale divergent Ekman transports, which force in the northern hemisphere a tropical upwelling system that continuously extends from Morocco to the mouth of the Guinea Gulf, and from the African coasts to mid and west Atlantic, depending on season [4, 5]. Considered from a basin-scale perspective, this system forces a cyclonic gyre circulation, the Guinea Gyre [e.g., 6], of which the Guinea Dome and the coastal West-African upwellings form the most eastern features [4, 7]. In this paper, we limit our study to the eastern part of the system, bounded in latitude by the Tropic of Cancer and the North Equatorial Counter-Current and in longitude by the Cape Verde Archipelago (CVA around 26°W) and African coasts. This area is marked by intense, seasonally dependent, off-shore and coastal primary production patterns of major economic importance. The coastal part of the upwelling system covers latitudes ranging from Morocco and Canary Islands to Senegal [8] and further south down to the Guinea Gulf. It forms the tropical part of the Canary Current Upwelling System (CCUS) down to Senegal, as well as the northern part of the Guinea Current Upwelling System that extends from Guinea coasts to the Gulf of Guinea. The CCUS is one of the four major eastern boundary upwelling systems with those of Peru-Chile, Benguela, and California.

Horizontal circulation is schematized Figure 1. To the west, the North Equatorial Current (NEC) and the Canary Current (CC) forms the eastern boundary of the North Atlantic subtropical gyre. Near-shore, a strong wind-induced coastal upwelling is active, its extension depending on season, and a density front develops that generates the coastal jet [9–11], also named Canary upwelling Current (CanUC) [12]. However, observations are lacking and its latitudinal extension to the south is uncertain, with some model studies showing it down to the Cape Verde peninsula (see dashed green arrow in Figure 1). South of the region, the circulation is dominated by the North Equatorial Counter-Current (NECC), which has a large seasonal cycle [13, 14]. It is located near 5°N in winter and reaches 10°N in summer. During this season, it continues north as the Mauritania Current (MC), which flows northward until about 20°N [15]. Offshore, the Guinea Dome (GD) is another important physical characteristic of the area, defined by a dome of the isotherms, and low hydrostatic pressure. It is centered in the southeast of the archipelago of Cape Verde, and intensifies in summer, at about 12°N, and 22–23°W. It is generated by upward Ekman pumping forced by the trade winds convergence [7, 17], and belongs to the Guinea Gyre, formed by the NEC and NECC in surface [4, 13]. It exist a link between the GD with the Atlantic Meridional Mode (AMM) which is related to the meridional migration of the Intertropical Convergence Zone (ITCZ) [18, 19].


[image: image]

FIGURE 1. Map of the schematic surface circulation in the Atlantic North-eastern Tropical Upwelling System characterized by permanent currents (dark gray), seasonal currents in winter-spring (green), another seasonal currents in summer-autumn (blue) and upwelling area (gray shading). Dash line corresponds to currents not evidenced by in-situ measurement, but visible in circulation derived from altimetry. (adapted from [16])



Regarding SST in our region, the mechanisms that drive its seasonal cycle are not yet certain. Carton and Zhou [20] ocean model sensitivity experiments show that air-sea flux and wind stress forcing are of comparable importance away from the continent, whereas within a few degrees of the African coasts, the meridional stress becomes the main forcing. Yu et al. [21] on the other hand evidenced the very high correlation at large scale in the region north of 10°N between the SST time derivative and the net air-sea flux. The first study can be interpreted as an indication that advection and associated Ekman pumping are important for the region, and dominant at the coast. The second may suggest that they do not drive the seasonal cycle. More specifically, the upper heat content at ~12°N and few specific longitudes, within the Guinea Dome in particular, was studied by Yamagata and Iizuka [7]. They found that the summer subsurface cooling is explained comparably by horizontal and vertical advection. However, these results pertain to the upper thermocline doming, since SST increase in fact during the GD development. A proper (ML in the following) heat budget for the climatological SST seasonal cycle of the western part of our domain, was carried out by Foltz et al. [22] from observations and reanalysis products. They find also that air-sea fluxes drive the cycle, and suggest, from the heat budget residual, that vertical mixing damps it.

Regarding coastal patterns, their seasonal variability has been the subject of studies based on upwelling indices, calculated from in situ measurements [8] or satellite observations of SST [23]. They nevertheless often lack a robust heat budget analysis for the SST, that could provide clear physical interpretations of the SST changes. Along African coasts, an important issue for the system is how much upwelling forces SST, and how long does its effect last during the year. For example, Santos et al. [24], using a temperature-based estimate suggest that if the upwelling is persistent throughout the year, with a peak in autumn and spring, between 21 and 32°N, it would in contrast be restricted to winter-spring within the 12° and 20°N latitude band. These authors hypothesize that the turn of the summer monsoon winds would advect warm waters northward along-shore. One may wonder how much it contributes to the SST warming and what are the upwelling real cycle and effects, since a wind-derived proxy indicates rather that the latter persists in summer from 15 to 20°N, albeit weaker [e.g., 3]. Furthermore, air-sea heat fluxes could potentially also explain this summer evolution. In fact, within the coastal Mauritania and Senegal upwellings, even the first order balance between horizontal advection, subsurface heat fluxes and air-sea fluxes is unknown. This deserves to be checked in an Ocean Global Circulation Model (OGCM) and tested to the East, where the upwelling is stronger. A model study like the one we present here, despite its inherent uncertainties due to forcings and model errors, can offer complementary results. In this paper, we provide some quantitative elements of answer to the various uncertainties existing about the ocean dynamics and the control of the SST seasonal changes in the ANETUS, with observations and an OGCM. The focus is on the regimes of heat budget, and the processes that drive them, in particular the turbulent vertical mixing, hardly quantifiable from observations only and not yet analyzed per-se in the literature.

The article is structured as follows. The data and methods are presented in Section Data and Methods. In Section Choice of Relevant Time-average Periods, we present the general circulation features in observations and the simulation. Then we analyze in Section The Mixed Layer Heat Budget the spatial structures of oceanic and atmospheric contributions to the heat budget, and detail their temporal variations for continental and open-ocean sub-domains. Results are then summarized and discussed in Section Summary and Discussions.

Data and Methods

Observations

The NOAA AVHRR OISST SST at 25 km resolution is monthly averaged to produce the climatology for the period 1988–2000 that we use to evaluate model SST. For the circulation, OSCAR surface currents are used. They are representative of total geostrophic and wind-driven circulation over the first 15 m depth layer and are available on a horizontal grid of 1/3° × 1/3° [25]. Geostrophic currents are provided on a 1/3° × 1/3° spatial grid by AVISO. We constructed monthly-climatologies of surface circulation, with both products for the period 1993–2000, close to that of the climatological forcing used to run our model. Climatological wind stress is provided by the DFS4 forcing set (see further description in Numerical Model), and derived from the ERA40 reanalysis winds, which assimilated the QuickSCAT winds. The Ekman vertical velocities associated with the climatological winds are estimated using the Ekman transport divergence formula. Null cross-shore transport at the coast is enforced by setting the wind stress to zero at each land point. Note that both the coastal pumping and offshore Ekman pumping are computed with this formula. Mixed layer depth (hereafter MLD) is given by the monthly climatology from De Boyer Montégut et al. [26] on a 2° × 2° horizontal resolution. We retained the product based on a temperature threshold of 0.2°C, since the density-based product has a much less dense cover in our area of study. Thermocline depth is evaluated using the monthly climatological WOD05 hydrological dataset on a 1° × 1° latitude–longitude grid.

Numerical Model

The NEMO modeling system [27] is based on the global OGCM OPA, which solves the primitive equations on an Arakawa C grid, with a second-order finite difference scheme. It assumes the Boussinesq and hydrostatic approximations, and assumes incompressibility. In the present study, we use the regional configuration for the tropical Atlantic ATLTROP025, derived from the global DRAKKAR configuration ORCA025-G70 [28] with an extension limited to 30°N and 30°S. The horizontal resolution is 0.25° × 0.25°. Realistic bottom topography and coastlines are derived from ETOPO2. The vertical dimension is resolved by 46 z-levels with a vertical mesh size ranging from 5 m in the upper 30–250 m at depth. Most relevant elements of the parameterization are the following. A horizontal biharmonic operator is used for the diffusion of horizontal momentum, with a viscosity coefficient (background value of −1.5 10−11 m4.s−2) varying as δx3 (δx the horizontal grid size). Diffusion of temperature and salinity uses a Laplacian operator rotated along isopycnals, with a coefficient decreasing proportionally to the grid size (starting at 300 m2.s−1 at the equator). Vertical mixing of momentum and tracers is computed using a second-order turbulence kinetic energy closure model described in Madec [27]. Lateral boundary conditions are provided by the global run ORCA025-G70. For surface forcing, we use the DRAKKAR DFS4 6-hourly global forcing datasets [29]. To calculate latent and sensible heat fluxes, the CORE [30] bulk formulae algorithm is used, with surface atmospheric state variables derived from the ERA40 reanalysis and ECMWF analysis after 2002 (air temperature, humidity and winds at 10 m). Corrections are performed on these input fields to correct temporal discontinuities and yield better agreement with some recent high quality data. Radiation fluxes are based on the CORE v1 dataset, using a corrected ISCCP-FD radiation product [31]. For these experiments, we forced the model for thirteen years with climatological weekly fields averaged over the period 1988–2000. The 5-day mean outputs were averaged climatologically over the last year of simulation. It is worth to stress out that in order to study a climatological state closer to the observational one, it would be more rigorous to analyze a simulation of the same period as the observations, forced by the non-climatological fields. Such a simulation however, including heat budget diagnostics described below, was not yet realized at time of our study. It will be worth in the future to verify our conclusions with such a run.

For the present study, we derived off-line a number of quantities from the model outputs. In particular we estimated surface horizontal currents from the total SSH using the geostrophic equation and assumed they did not vary with depth over the ML. The model computes MLD using a density threshold of 0.01 kg.m−3, and we use this output throughout the paper. For the validation section however, we also estimated MLD offline with the same threshold of 0.2°C, although the online computation (not available) would have been more comparable.

Diagnostics

In this study, we follow the approach used by Vialard and Delecluse [32] and by Peter et al. [33] and Jouanno et al. [34] where the ML temperature equation is partitioned as follows:
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with [image: image]

Here, the brackets represent a vertical integration over the MLD, T is the temperature, [image: image] and w are the horizontal and vertical currents, Kz is the vertical mixing coefficient, h is the MLD, and Dl(T) is the lateral diffusion operator. Q* and Qs are the non-solar and solar components of the total heat flux, and fz = h is the fraction of the solar shortwaves that reaches below the MLD. Capital letters underneath terms are used, respectively, as short-hands for horizontal advection, horizontal diffusion associated with unresolved horizontal turbulent processes, vertical advection, vertical turbulent mixing at the ML base and air-sea fluxes. A last term res, computed as a residual, corresponds to the entrainment at the ML base. Note that we have checked that the latter is always largely negligible in our area.

In the following work, horizontal advection and vertical mixing always dominate the ocean contribution to the heat budget. For the sake of synthesis, we chose to group the ocean terms in horizontal and vertical processes terms. The first is the sum of lateral diffusion and horizontal advection contributions (A+B), and the second the sum of vertical advection, vertical mixing and entrainment (C+D+res). These group components have been checked individually relative to the others, and are discussed separately when they are significant. Term E corresponds to the net air-sea flux effect. To quantify the relative importance of terms, we compute their ratios. In the section dedicated to time-averages, we computed ratios of time-averaged group of terms, to emphasize their relative time-mean effects, whereas in the following section focusing on time-variations, we instead present the ratios of 5-day outputs. Differences between both computations are of second order and not relevant to discuss in this study.

Results

Choice of Relevant Time-average Periods

In order to distinguish time periods relevant for studying time-averages of the heat budget terms with a focus on the ocean contribution, Figure 2 presents the Ekman upwelling and SST cycle averaged longitudinally from the coast to 18°W. The former is computed as the total Ekman transport divergence, including that of the alongshore grid-points. It first evidences the well-known latitudinal transition from a strongly varying upwelling at low latitudes to a more stable northern regime [e.g., 24, 35]. On both sides of approximately latitude 18°N, the Ekman pumping peaks occur out of phase, in agreement with Lathuilière et al. [3], due to the seasonal shift of the inter-tropical convergence. Low latitudes are marked by an intense winter regime, followed by a relaxation phase in summer, in particular off Senegal (10–16°N). North-Mauritania and south-Morocco latitudes (18–22°N) experience a peak in summer. Based on the strongest Ekman pumping and seasonal SST changes, we identify a first period from November to May, characterized globally by lowest or decreasing SST (so-called cooling period, (hereafter CP), and a warming period (hereafter WP) from June to October characterized by increasing or high SST. Next section, we describe the CP and WP general circulation and SST change patterns in the observation-derived products, and validate the simulation.
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FIGURE 2. Latitude-time Hovmöller plot along the coastal region (averaged from the coast to 18°W) of the seasonal cycles of Ekman pumping (shading, m.month−1) and SST (contours, °C). Dash lines separate CP (November–May) and WP (June–October) periods.



SST Variations and Mixed Layer Depth

Figure 3A displays observed SST variations for CP (computed as the SST difference between the end and the beginning of the period). They exhibit an extremum (−0.7°C.month−1) located around (18°N, 18°W) off Mauritania coast. A second relative extremum (−0.6°C.month−1) is located close to shore near 14.5°N, just south of the Cape Verde Peninsula in the southern Senegal upwelling center [36]. The model presents a more noisy structure (Figure 3B), due to the shorter length of average period relative to the observations. This being said, the large-scale patterns of the model are comparable to those of the observations, with only a slight underestimation of the cooling (~0.2°C.month−1) near the coast from 14° to 20°N. The large-scale structure of the temperature change during WP is very similar with a sign reversal and a somewhat more rapid evolution (maxima ~1°C.month−1, Figure 3C). The model is able to simulate this distribution although the area of largest warming tends also to be shifted a few degrees to the southwest. Nearshore, the highest differences reach comparable negative values as during CP (~ -0.2°C.month−1) from 15 to 22°N (Figures 3C,D). Figure 3 also shows the SST and MLD fields, which are essential to the heat budget analysis. The model SST suffers from a warm bias, generally between 0.5 and 1°C. The model MLD is 10–30 m too deep during CP and about 5 m too shallow during WP. Because there are little observations in the region, uncertainties are large particularly for MLD, and we consider the model sufficiently realistic.
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FIGURE 3. SST trend (color, in °C.month−1), SST (black contour, in °C) and mixed layer depth (white contour, in m), averaged over CP (November–May, top) and WP (June–October, bottom); left (A,C) for observations and right (B,D) for simulation.



Upwelling and Stratification

To better understand the effect of the wind-driven circulation on the ML heat budget, Figures 4A,C present the Ekman pumping patterns for CP and WP. To compare to the model, we present the maximum value of the model vertical velocities found between the surface and the base of the thermocline (Figures 4B,D). The spatial extent of the upwelling appears remarkably stable between the two seasons, and this is also verified with the monthly values (not shown). The strongest upwelling velocities are located nearshore north of ~10°N, where they reach values of the order of 100 (resp. 50) m.month−1 during CP (resp. WP). Offshore, upwelling velocities display one order of magnitude lower values. They are associated with the trade winds curl and decrease gradually westward, more rapidly in the north than south, where they are responsible for the presence of the Guinea Dome. In the lee of the Cape Verde Islands, atmospheric island wake effect creates an upwelling–downwelling dipole patterns with typical scales of ~100–200 km [37]. Regarding intensities derived from observations they most vary from CP to WP near the coasts, in the north (by a factor of ~1.5), and much considerably south of 15°N (factor of ~0.25) in support of Lathuilière et al. [3] estimate. For both periods the model is at large scale in good agreement with Ekman pumping estimates. This validates the model vertical dynamics, and indicates that Ekman pumping corresponds in general well to the maximum upper ocean vertical velocity. The most remarkable differences occurs nearshore over the wide shallow continental shelves of the Banc d'Arguin (~20°N) and south of Senegal (~14°N). Vertical velocities comparable to Ekman pumping are found west of the coast there. This is explained by the fact that, due to the shallow plateau there, bottom friction disturbs the surface Ekman layer and classical Ekman theory does not apply. The Ekman divergence is then fully developed further offshore where the plateau is deep enough [see 38, 39].
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FIGURE 4. Ekman pumping (shading, m.month−1), 19°C isotherm depth (black contours, m) and wind stress (green vectors, N.m−2) from observations, averaged over (A) the CP(November–May) period, and (C) WP (June–October) period. Maximum vertical velocities between surface and thermocline (shading, m.month−1) and 19°C isotherm depth (black contours, m) for the simulation, averaged over (B) the November-May CP period, and (D) June–October WP period. GD, Guinea Dome.



Since the thermocline depth reflects the stratification, which controls the turbulent heat fluxes at the ML base, it is important to validate its distribution. The 19°C isotherm depth is shown as a proxy. Modest differences in the position and shape of the GD (in subsurface, it is particularly visible near 100 m in observations (D15) and about 60 m in the model; Figures 4A,B) in particular are noticeable, and model values are deeper by about 20 m, possibly as a consequence of an overly diffuse thermocline, a common bias in OGCM.

Horizontal Surface Circulation

We present total and geostrophic surface currents on Figure 5. The major geostrophic currents in the region are well represented by the model (in black). The CC, NEC, CanUC, NECC and circulation around the GD are visible during the two periods. The CC exhibits an important seasonal variability with a strengthening during WP in association with stronger winds in the north (Figures 5B,D). A similar seasonal cycle is found in the observations but an important difference should be noted: the observation derived CC appears quite relatively patchy, as appear the total currents. The model westward circulation is comparatively less complex, in particular during CP where the westward flow is quite uniform north of 16°N. In the latitude range 7–16°N, the offshore flow is more seasonally variable. The MC and GD recirculation are both very clear in observed and simulated geostrophic currents. We also note the intense well-organized westward ageostrophic flow spanning 13–16°N east of the CVA in the model (note the weak geostrophic currents in both panels). This flow is coherent with the southward wind forcing (see Figure 4A). It is however not visible in the OSCAR reconstruction, which is weaker and noisy. During WP the NECC seems slightly reinforced by Ekman drift in the model and observations and turns into the Guinea Current to the South and into a northern circulation branch, particularly intense at the coast. The turning point appears to be the slope change of Sierra Leone coastline (~8.5–9°N). Before this northern current becomes the MC, we propose to name it the Sierra Leone Jet (SLJ). The difficulty for observations to represent the circulation features in this region is well-known and due to sparse measurements [40], which pose difficulties to validate satellite-derived products and in particular in regions of coastal distortions of the satellite estimates. We shall be cautious when presenting the advective terms in the heat budget, but do not a priori disqualify the modeled circulation where it disagrees with OSCAR and AVISO, particularly nearshore.
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FIGURE 5. Horizontal surface currents averaged over the CP (November–May, top) and WP (June–October, bottom) for observation-derived (A,C) and simulated (B,D); intensity of the total surface current (shading, m.s−1), total (blue vectors) and geostrophic component (black vectors).



The Mixed Layer Heat Budget

In this section, we analyze the terms of the heat budget. We first analyze the spatial structures of the mains terms in order to evidence better their physical origins. The annual mean is presented, and then the CP and WP time-means, to take into account the cycle of the wind-driven upwelling activity, Then zonal averages are eventually examined for eastern and western sub-domains in function of time, in order to determine which processes are driving the time-variations of the SST.

Annual Mean

Figure 6 shows the annual mean of ocean effects, and its two components, the horizontal and vertical processes. Since the sum of air-sea heat fluxes and ocean effects is equal to the annual heat storage, which is negligible in the model climatology, the net heat flux effect is the opposite of the ocean effect. Meridionally, there is a contrast between an ocean warming south of roughly parallel 12°N, and a cooling effect north of it. Zonally, contributions are maximum at the coast with values of up to −5°C.month−1, and decrease abruptly westward by an approximate factor of five over a few degrees of longitude (Figure 6A). For the sake of differentiating sub-domains, we chose the longitude 18°W to separate regimes marked by high values dominated by coastal dynamics, and those with low values controlled by open-ocean circulation. In the west of the domain, CVA forms a specific sub-domain of intermediate or elevated intensities, which would require specific discussions out of scope of this paper.
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FIGURE 6. Annual average of the various oceanic processes contributing to the mixed layer heat budget. (A) Total oceanic trend (shading, °C.month−1), and mixed layer depth (MLD, black contours, m), (B) trend associated with vertical processes (sum of vertical advection, vertical diffusion at the base of the mixed layer and RES, shading, °C.month−1) and ratio of horizontal processes over vertical processes (contour every 50, 100, 150, and 200%) and (C) horizontal processes (sum of the horizontal advection and lateral diffusion, shading, °C.month−1), SST (black contour, °C) and surface currents (vectors). Vertical and horizontal dotted lines delimit regimes within the region.



Figures 6B,C show that the meridional contrast is explained by differences in the vertical and horizontal processes. North of ~12°N, vertical processes cause an expected general cooling through vertical exchanges with colder subsurface waters. It is worth noting that they prevail over the horizontal ones by a factor of about two in large parts of the domain, while both effects reach comparable amplitudes off Morocco and Cape Verde Islands. South of 12°N, a remarkably vast warming effect, albeit weak except along-shore, is sustained by vertical processes, which indicate the influence of temperature inversions, as it will be demonstrated in WP analysis. The location corresponds to patterns of barrier layers associated with ITCZ rainfall [41] that allow for the presence of temperature inversions. The ocean warming effect is however dominated by advection of warm waters poleward by the NECC (Figure 6C), except alongshore where currents are weak and SST is warmed up also by temperature inversions (Figure 6B). Note that 12°N corresponds to the GD latitude. This shows that, in annual mean, the ocean cools the GD SST in its northern half, but warms it in its southern part. Overall, south of 12°N, horizontal advection dominates vertical processes (Figure 6C), but for the remaining part of the region, heat exchanges with the thermocline cools the domain SST with a larger or comparable amplitude than horizontal currents effect (Figure 6B).

November–May Cooling Period

As we will see, during CP, the ocean contribution displays the larger negative signals, whereas during WP, it is the net air-sea flux contribution. Thus we start the CP analysis with the interpretation of the ocean terms, and then will study the WP starting with the investigation of the air-sea fluxes effects. During CP the total ocean contribution is close to its annual mean (Figures 6A, 7A). The ratio of time-mean contributions of horizontal and vertical processes indicates that the latter have a larger effect on the SST cooling, next to the continent, as well as to the west in the latitude band 12–20°N. Compared to the annual mean, the vertical processes cause a stronger (weaker) cooling in the 12–18°N (18–24°N) coastal upwelling band (Figure 7B), evidently associated with the latitudinal structure of the seasonal Ekman pumping changes. It explains the same pattern in the total ocean contribution.
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FIGURE 7. Model oceanic trends averaged over CP averaged over the CP period. (A) Total ocean effect (shading, °C.month−1) and ratio of contributions of horizontal processes over vertical processes, each in time-average (black contours), (B) Vertical processes effect (shading, °C.month−1) and mixed layer depth (MLD, black contours, m), (C) vertical diffusion coefficient (shading, m2.s−1) and square of the vertical shear at the base of the ML (black contour, s−2), and (D) vertical temperature gradient at the base of the ML (shading, °C.m−1) and the 19°C isotherm depth (black contours, m).



To detail further vertical cooling, we first note that it is by far dominated by vertical diffusion (not shown). Then by computing off-line the latter with model outputs of vertical diffusivity (Kz), temperature and MLD (see formula of D in Equation 1) we reproduced satisfyingly its pattern (not shown). Hence we examine diffusivity and vertical temperature gradient at the ML base. It appears that the maximum intensities along-shore is due to stronger vertical diffusivity there (Figure 7C), not to vertical temperature gradients which are weak compared to offshore (Figure 7D). We interpret this as a manifestation of coastal upwelling dynamics which generates intense current shear near the base of the mixed layer ML (Figure 7C, contours). It thereby enhances turbulence levels, simulated by large Kz. Intense coastal upwelling tends also to erode upper ocean stratification, relative to the moderate open-ocean upwelling to the west. To complete the explanation of this zonal variation, it is important to say that the MLD zonal pattern amplifies significantly the effect of the diffusive flux at the coast. Indeed, MLD, which enters the diffusive flux term in the denominator, is shallower at the coast by a factor of 1.5–2 relative to further west. Far from the continent, west of 18–19°W, the cause of relative high vertical diffusion is opposite. The vertical temperature gradients at the mixed layer ML base reach maximum intensities, about five times larger than nearshore (Figure 7D), explaining the vast and moderate diffusion pattern. The Guinea Gyre upwelling lifts gently the isotherms and maintains a strong stratification, maximal at the GD location. On the other hand, Kz is smaller (Figure 7C), in relation to weaker shear of horizontal current compared to nearshore.

Regarding the horizontal processes contribution (Figure 8A), it also appears similar to its annual mean (Figure 6C). It is essential to the model for redistributing heat horizontally, and modulating the 1D vertical upwelling dynamics. We first note that horizontal advection prevails largely over horizontal diffusion (not shown). Then in order to interpret advective effects, we estimated off-line the geostrophic and ageostrophic components of the horizontal advection term. To do so, surface geostrophic and ageostrophic currents were calculated (the latter as the total minus the geostrophic currents), and then used for computing scalar products with SST gradients. Figures 8B,C show that both contributions are most intense in the vicinity of coastlines, due to maximum SST gradients and generally more intense currents. They often partly oppose each-other, especially close to the continent, where geostrophic flow compensate partially, in addition to coastal upwelling, the mass imbalance generated by Ekman divergence.
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FIGURE 8. Horizontal processes effect in the model averaged over the CP. (A) Sum of horizontal advection and lateral diffusion (shading, °C.month−1), total currents (black vectors), (B) Ageostrophic advection term (shading, °C.month−1), ageostrophic currents (black vectors), and (C) geostrophic advection term (shading, °C.month−1), geostrophic currents (black vectors), and SST (white contours).



Along African coasts, each advective contribution dominates alternatively the total in function of latitude. North of about 17°N, the intense CJ, southward and geostrophic, dominates almost always the total effect. It advects upwelled waters and spread the cooling, particularly north of Cape Timiris (~19.5°N). Interestingly, there within 100–200 km from the shore, the cross-shore component of the SST gradient is sometime reversed with warmer waters inshore, which explains the warming effect of the north-westward Ekman drift. To the south however, until the Cape Verde Peninsula, the CJ cross-shore component is sometimes eastwards and warms the coast, through advection of offshore waters. Hence along south Mauritania and northern Senegal from 20 to 15°N, the CJ is not systematically causing cooling, which instead results from the ageotrophic flow. From 15 to about 12.5°N, the balance is comparable to north of Cape Timiris. There is a net cooling effect explained essentially by the CJ. At 12°N, one remarks the Senegal-Mauritania meridional front [42], maintained by the upwelling and the CJ to the north, and the intense geostrophic poleward SLJ to the south, which transports warm water alongshore. South of 12°N, both the SLJ and the southward Ekman currents are flowing in large part along homogeneous warm SST, and become thus less important for the SST change.

Farther offshore, west of about 18°W, and on regional scales, the SST shows weaker fronts, and advection is hence less intense. North of the CVA in particular, weak SST gradients explain the weak effect of advection. To the contrary, around the CVA and south of about 15°N, the advection pattern explains in large part the net ocean contribution, with intensities generally larger than those of vertical processes. In particular, the maximum net cooling visible at latitudes 12–16°N appears to be due, to the east, to westward advection of coastal waters by Ekman drift (Figure 8B) and, to the west, to southward advection by the Guinea gyre geostrophic circulation (Figure 8C). Finally, to the south of ~12°N, the warming longitudinal band is due to geostrophic MC and Ekman drift poleward transports, whereas the cooling pattern to the south-east is explained by the equatorward component of the NECC and the Ekman currents.

To complete the study of horizontal processes, it is worth saying that the diffusion term is significant nearshore with an intensity reaching locally up to ~1°C.month−1 between 10 and 19°N (not shown). Lateral temperature gradients and mesoscale eddies are stronger there. The warming tendency is consistent with the current understanding of the role of mesoscale turbulence [43] and with its manifestations in upwelling systems [44, 45]. Given our limited horizontal resolution, it is largely through lateral diffusion that these processes manifest themselves.

Now we proceed to the examination of the air-sea heat flux contribution (Figure 9A). Its structure is comparable to its annual mean (e.g., opposite to Figure 6A), except for a large domain of negative values, instead of positive, to the north-west of about (12°N, 19°W), and higher values along Mauritania and Morocco, as noted for all previous terms. The general structure is hence a coastal maximum, a rapid decrease until near 18°W where the sign changes, and a moderate decrease westward. Such a distribution is evidently due to that of the net heat flux (Figure 9B). The comparison of the radiative and turbulent components (Figures 9B,C) highlights that the second explains most of the pattern, since it varies zonally much more than the solar heat flux. Such variations east of about 18°W are explained in large part by the SST distribution. Close to the continent indeed, latent heat flux patterns are comparable to those of SST, due to a strong modulation of surface specific humidity. Similarly one observes minimum heat loss over cold coastal waters, north of the Senegal-Mauritania front (~12°N), and larger loss over the warm SLJ to the south nearshore (Figure 9C). The large-scale tilt in the distribution of the trade winds speed explains the more regular decrease of the net heat flux west of about 18°W. At last it is important to note that the zonal decrease of the air-sea flux contribution between the continent and about 18°W is in large part also explained by the sharp increase of the MLD (see Figure 7B) since it is in the denominator of term D in Equation (1). In conclusion, in the vicinity of the continent east of ~18°W, it is mainly SST and MLD structures, associated with coastal upwelling dynamics, which explain the intense damping of the oceanic processes by the air-sea fluxes. West of ~18°W, the westward increase of the trade winds speed explains the progressive passage to a more classical winter cooling regime by air-sea fluxes, to the exception of the CVA where local wind reduction in the lee of islands generates a net heat gain by the ocean.
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FIGURE 9. Contribution of air-sea heat fluxes to the ML heat budget over the CP. (A) trend associated with the net air-sea heat flux (shading,°C.month−1) and ratio of net air-sea heat fluxes effect over total ocean effect (black contours), (B) net air-sea heat flux (shading, W.m−2) and surface shortwave radiation absorbed in the ML (black contours), (C) turbulent heat fluxes (latent+sensible) (shading, W.m−2), SST (black contours, °C) and intensity of wind stress (white contours, N.m−2). The sign of latent heat flux (< 0) has been changed.



Overall, the comparison between ocean and air-sea fluxes contributions (see ratio of both contributions on Figure 9A) confirms that there are two main regimes for the region. East of 18°W, the ocean processes associated with coastal upwelling dynamics dominate the time-average cooling, whereas the air-sea fluxes damps it. West of this longitude band, the same opposition holds within the 12–18°N latitude band only, where the maximal net SST cooling centered at (16°N, 18°W) (Figure 3B) is due mainly to Ekman drift of cold coastal waters. North and south however, the air-sea fluxes dominate the ocean processes by at least a factor two. Note though that since the periods for time-averages were chosen to emphasize coherence in upwelling dynamics, ocean effect appears relatively intense. The net-air-sea flux in fact changes sign during CP, but explains month-to-month SST variations in large parts of the region, as we will see in Section The Sub-domain Next to the Continent.

June–October Warming Period

This period corresponds in time-average to a warming of the domain. The northward migration of the ITCZ causes a decrease of the coastal Ekman pumping south of 18°N, and an increase north of it (Figure 2). During WP, the contribution of the net air-sea heat flux is dominant over most of the domain as we will see, and we begin the analysis with it.

Figure 10 displays its time-mean contribution, and components. Overall the distribution resembles its annual mean. Compared to the CP mean, the structures of all quantities still display a rapid zonal variation of intensity from the coastline to about 18°W. Contrasts in longitude are weaker between 12 and 18°N, as expected from the lesser intensity of coastal dynamics associated with weaker Ekman pumping there. North of 15°N the air-sea flux effect decreases westward, first rapidly by a factor of ~2 and then smoothly by ~2 again (Figure 10A). It is due to the net air-sea flux distribution (Figure 10B), and also to the MLD westward increase (Figure 3D), both of them explaining the zonal change in roughly equal proportion. The net air-sea flux decrease arises from its turbulent component only, since solar radiation absorbed in the ML increases slightly westward (contours in Figure 10B). The turbulent heat loss is indeed rising to the west, due in main part, to SST distributions shaped by ocean circulation, in particular coastal dynamics associated with weak Ekman pumping (Figure 2). In the 15–20°N latitude band, it is also due to the wind speed increase to the west. To the north the wind speed decreases westward and effect on turbulent cooling is dominated by the SST increase. This result is consistent with the analysis by Foltz et al. [22] that also invokes the control by air-sea humidity gradients north of 20°N.
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FIGURE 10. Same as in Figure 9 but over WP (June–October).



Regarding the abrupt meridional decrease of the net air-sea flux contribution in the south, it results from the combination of minimum incoming shortwave radiation (not shown) associated with the ITCZ cloud cover, and intensifying turbulent cooling due to equator-ward acceleration of the southern trade wind south of the ITCZ (white contours in Figure 10C). However the net air-sea flux is positive almost everywhere, and the net cooling contribution to the ML heat budget visible south of the ITCZ diagonal (Figure 10A) can only be due to the fraction of the solar flux that penetrates below the ML. This process will be confirmed by the examination of vertical processes contribution.

To conclude, it is worth noting the predominance in the net SST warming of the air-sea fluxes over the ocean processes north of the ITCZ region, whereas south of it, the weak SST variations are rather dominated by the ocean contribution.

Now we turn to the ocean contribution shown in Figure 11A. Its general structure is comparable to the annual mean, but for larger intensities to the north and south of the domain. The comparison with the contribution of vertical processes (Figure 11B) is striking and indicates that it explains most of the ocean contribution pattern. The ratio with the contribution of horizontal processes (contours in Figure 11A) shows however that north and south of the domain, horizontal processes are comparable contributors in terms of intensity. As during CP, the vertical processes contribution is dominated by far by vertical diffusion (not shown), but there are significant changes to this term compared to CP. First a domain scale latitudinal dipole appears on both sides of the ITCZ diagonal, and second the open-ocean diffusive cooling develops northward and westward, forming a relative maxima centered at (17°N, 19°W) (Figure 11B). Off-line reconstruction of the vertical diffusion effect indicates that is in large part explained by the vertical temperature gradient at the ML base, rather than by the vertical diffusion coefficient Kz (Figures 11C,D), except for the intensified Morocco upwelling. It is hence different than during CP. Kz is more homogeneous zonally and exhibits higher values far from the continent, possibly due to the weaker stratification at this period that is favorable to turbulence. Therefore the latitudinal variations of vertical stratification at the ML base become determining (Figure 11D), despite smaller values during this warming season. This relative weakness may seem surprising considering the intense seasonal surface warming, but during WP, a significant fraction of the solar radiation penetrates below the thin ML, and contributes to shaping smooth vertical profiles of temperature.
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FIGURE 11. Same as in Figure 7 but over WP (June–October).



To explain the meridional structure of the subsurface stratification, it is first necessary to recall that the seasonal shift of the ITCZ is responsible of a northward shift of the open-ocean upwelling, which in turn lifts the thermocline (Figure 4D) and tends to enhance stratification north of about 15°N. Moreover, the ITCZ rainfall gives rise to barrier-layers, and associated temperature inversions at the ML base (Figure 11D) [41]. Consequently, vertical turbulence warms SST there. Looking at the diffusive warming and inversions distribution, it appears that it results from a combination of the large scale barrier layer distribution associated with the ITCZ and NECC [41], and from a narrow coastal band reaching further north up to the Cape Verde Peninsula, likely due to advection of equatorial fresh waters by the SLJ as well as local seasonal rainfall. Note that in line with other coastal modifications between CP and WP described above, large horizontal diffusion effects are displaced northward offshore Mauritania and Morocco coasts (not shown). Their intensities reach up to 0.6°C.month−1, corresponding to mesoscale eddy activities accompanying coastal upwelling.

During WP, horizontal advection still plays a significant role in the evolution of the SST, except for the zonal band located between 17 and 20°N. There it represents less than a quarter of the vertical oceanic processes (Figure 11A) due to currents largely parallel to the isotherms. Near-shore to the north of the domain, the cooling is essentially due to Ekman drift that follows the ITCZ migration (Figures 12A,B). It is shifted northward with a marked extreme and a large cross-shore extension north of 21°N. Around this latitude, warming occurs just at the coast because upwelling and SST minima are found at some distance offshore, as observed by Barton et al. [46], due to the wide plateau which affects structure and intensity of the upwelling. Interestingly, from Cape Timiris to the Cape Verde Peninsula within 100-300 km from the shore off Senegal and Mauritania, the imbalance between Ekman cooling and geostrophic warming by the MC (Figure 12C), is in favor of Ekman flow. This ageostrophic cooling reinforces the vertical processes cooling from the coastal upwelling (Figures 11B, 12A,B). Hence the simulation suggests that the WP time-mean net current contribution is dominated by the MC warming effect only far off-shore, west of 18°W. To the opposite, just south of Cape Verde Peninsula, the advection of warm waters brought by the MC dominates the Ekman drift, which leads to net warming by advection (Figures 12A–C). On the continental shelf south of 12°N, a coastal SST maximum leads to the same type of compensation between geostrophic currents (cooling) and Ekman drift (warming), described above for southern Morocco, with overall a weak advective effect on SST. West of 18°W, the modulation of the advective effects associated with the Cape Verde islands is unchanged relative to CP (Figures 8A, 12A). South of 12°N, the net warming by advection is due to the generally constructive contributions of Ekman and geostrophic (NECC) flows. Despite the high resulting velocities, the warming tendency remains modest because the temperature gradient in the area is weak.


[image: image]

FIGURE 12. Same as in Figure 8 but over WP (June–October).



Considering the insights provided by the above spatial analysis, a finer understanding of the leads and lags between processes of the heat budget can be obtained by latitude-time diagrams of the zonally averaged terms. In the following, we present one diagram for each sub-domain, first for the continental zone east of 18°W, and second for the open-ocean area to the west. We focus on time transitions between heat budget regimes. Note that averaging coastal data over a varying distance corresponding to the plateau width offers similar results.

The Sub-domain Next to the Continent

Two latitudinal sectors emerge from Figure 13A. North of 12°N the SST experiences an annual cycle, whereas to the south it is semi-annual and forced by the two passages of the ITCZ (Figure 13A). As seen before, the strongest SST variations (>2°C.month−1) occur approximately from 12° to 20°N. At first sight the overall variations are in good phase with the net air-sea flux contribution (Figure 13B). We first study the cooling phases, which start early September north of the Cape Verde Peninsula, and later on further south (until December). North of ~20°N, the SST cooling phase is driven by the decrease of the net air-sea flux, warming effect, that become smaller than the cooling by upwelling dynamics. It is obviously due to the seasonal attenuation of solar radiations. The relative high intensity of the cooling effect by ocean processes is essential to the heat budget evidently, but not for its change from a net positive to net negative trend. It is not a driver since it entered a decreasing phase around this period, explained by the attenuation of the trade winds (Figure 4) and associated Ekman pumping (Figure 2). From ~20°N to the Cape Verde Peninsula (15°N), to the contrary the cooling effect by ocean processes strongly increases from early September to mid-October (from about −1 to ~ −2.5°C.month−1, Figure 13C), due to intensification of vertical turbulent mixing and along-shore southward advection, generated by the strengthening of the winds (Figures 2, 4, 13D,E). Note that horizontal processes, largely dominated by advection, have a cooling effect generally more than half as intense as the vertical processes (contours in Figure 13E). During this period, the warming effect by air-sea fluxes decreases in smaller proportions (from about 1 to ~0.5°C.month−1), thereby contributing slightly to the net cooling. The SST cooling peak in October is therefore explained by the constructive effects of both family of processes, dominated by the upwelling dynamics. From November to February, essentially the upwelling dynamics maintain the cooling rate. South of 15°N, it is clear that net air-sea flux again controls the early months of the cooling season. There, seasonal temperature inversion effects (Figure 13D) as well as northward advection of warm waters by the MC and SLJ (Figure 13E) warm the SST to the contrary.
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FIGURE 13. Latitude-time Hovmöller plots along the coastal region (averaged from the coast to 18°W) of the mean seasonal cycles. (A) model total temperature trend (shading and contours, °C.month−1), (B) air-sea heat vertical process (shading), and SST model (contours, °C), (C) total oceanic trend (shading, °C.month−1) and ratio of net air-sea flux effect over ocean effect (contours, %), (D) trend associated with vertical processes (shading, °C.month−1) and maximum vertical velocities between surface and thermocline (contours, m.month−1) and (E) horizontal processes (shading, °C.month−1) and ratio of horizontal processes over vertical processes (contours, %).



The second period of particular interest is the period when SST has reached minimum annual values, and starts to increase again, in March-April at all latitudes. It is almost everywhere a period of cooling by oceanic processes, especially intense south of Cape Timilis (~20°N) where Ekman pumping and upwelling velocities increase (Figure 2 and contours in Figure 13D). Vertical turbulent processes dominate the cooling (see ratio in contours, Figure 13C), whereas coastal horizontal currents favor or oppose them depending on latitude, as discussed in previous sections. The only exception is over the Senegal-Mauritania front (11-12°N), where the SST warming appears to be due primarily to the poleward advection of warm waters along-shore by the SLJ and off-shore spreading by the Ekman drift. Nevertheless, it is overall the seasonal increase of the net air-sea flux that sets the start of the warming season, whereas ocean processes act to reduce or delay the warming.

The Open Ocean

We now focus on the area west of 18°W. The SST temporal changes are broadly similar to those next to the continent, but share a much stronger resemblance with the net air-sea flux term (Figures 14A,B). In more details, the air-sea fluxes contribution displays everywhere the same pattern as the SST change. It is more intense most of the time, though, since the oceanic processes oppose it quasi systematically (Figures 14B,C). Two regions of exception deserve attention: north of ~18°N when the oceanic processes contribute weakly to the forcing of the SST decrease by the air-sea fluxes (October–February), and south of 10°N in September-October when the ocean forces mainly the second semi-annual warming. Overall, air-sea fluxes set the positive and negative trends in SST over most of the domain. Interestingly the ocean counter-action is not a mere passive damping. Indeed during WP, wind-driven vertical currents (contours in Figure 14D) amplify stratification and turbulent cooling, especially near 16°N as discussed in Figure 11. To the south, temperature inversions associated with ITCZ barrier layers restore to the surface the heat from solar radiations that penetrate below the ML (see especially Figure 11D). From 8 to 10°N they oppose the July cooling, but set the following warming. Additionally throughout the year horizontal advection, discussed in previous sections, also contribute to oppose the net air-sea flux effect (Figure 14E). Considering the spatial distributions analyzed previously, these results, derived in average, are more representative of the western part of the sub-domain. Indeed, closer to the continent and the islands, oceanic effects have larger amplitudes relative to the net air-sea flux (see Figures 9, 10). Also recall that the CP time-average had shown a positive mean contribution of the air-sea fluxes during the net SST cooling. This apparent contradiction, is due to the consistency of the sign of the ocean processes term over CP (negative during 4 out 6 months) relative to that of the net air-sea flux effect during the same period (half time negative, half time positive). Nevertheless, the main sign changes of the SST trend, in March and in September-October are driven by the net air-sea flux effect.


[image: image]

FIGURE 14. Same as in Figure 13 but for the heat budget terms averaged between18°W and 26°W.



Summary and Discussions

In this study, the seasonal cycle of the SST in the Atlantic North-eastern Tropical Upwelling System (ANETUS) is examined using a ML heat budget, in a numerical simulation of the Tropical Atlantic. The ANETUS domain is characterized by the presence of the continent to the east, the Guinea upwelling gyre and Guinea Dome, and the presence of the ITCZ. The contribution of the ocean processes to the heat budget is the focus of our study, and particularly the heat fluxes at the base of the ML that is difficult to compute from existing observations. Two main heat budget regimes emerge in annual mean on both sides of schematically latitude 12°N (related to the mean ITCZ location) and are quite representative of the time-varying contribution of ocean processes. Roughly, to the north, the mean regime is characterized by a tendency to cool the ML by ocean processes, generally dominated by vertical turbulent mixing intensified by Ekman pumping. To the south, the ocean processes tend generally to warm the surface, through advection by NECC, MC or SLJ and temperature inversions, and against a time-mean cooling by air-sea fluxes. The seasonal variations of the SST can be described by a CP of decreasing and then minimum SST (November-May), and a WP (June–October) of increasing SST reaching a maximum in summer. Both are, respectively, associated with maximum then minimum coastal upwelling south of ~20°N (Cape Timilis), and vice-versa north of the Cape. Two sub-domains in terms of ocean circulation and heat budget are separated grossly by longitude 18°W: a narrow continental band of a few degrees of longitude next to West-Africa characterized by ocean frontal dynamics and intense signals, and a vast open ocean region to the west that displays smoother fields and weaker signals. The seasonal heat budget explaining the SST cycle is:

(1) The continental band: the cooling starts early September north of the Cape Verde Peninsula. North of Cape Timilis, it is driven by the decrease of the net air-sea flux warming effect, due to the seasonal attenuation of solar radiation. It is damped by the decrease of the upwelling-forced cooling trend, due to the seasonal Ekman pumping attenuation. South of 20°N, down to the Cape Verde Peninsula (15°N), the constructive effects of both air-sea fluxes and, in larger proportion, upwelling dynamics, explain the SST cooling and its October peak of intensity. Later on the latter dominates the cooling season. From 15 to 7°N and from October to December, the net air-sea flux negative trend triggers the cooling, whereas temperature inversion and warm geostrophic currents damp it. Regarding the second phase of the SST cycle, the start of the warming season, regardless of latitude, is forced by the net air-sea flux, and damped by upwelling dynamics.

(2) The open ocean: The cooling and warming phases are fundamentally driven by the seasonal net air-sea flux effect, against the oceanic processes that partly oppose it, except north of 18°N particularly. The March SST cooling is slightly amplified by the intensifying Guinea Gyre upwelling in summer-autumn, which tends to cool the surface by turbulent mixing, especially near 16°N. Further south, warming by temperature inversions and horizontal currents, opposes the net air-sea flux effect.

Near the continent, our results support the preliminary model study by Carton and Zhou [20] pointing out to the leading role of wind-driven coastal upwelling dynamics for the SST cycle from 10 to 20°N. It is however verified only for the cooling phase from September to early March. The warming phase starting in March-April in our simulation is driven instead by the seasonal increase of the solar radiations. The detailed analysis of the upwelling dynamics suggests that the total horizontal contribution represents more than 50% of the effect associated with vertical processes in general. North of 20°N and south of 12°N, it is often stronger than the effect of vertical processes. Advection of waters, especially from the north, is therefore an essential contributor to the coastal upwelling system heat budget, when SST is in its decreasing phase. Over the open ocean, west of ~18°W, our result supports most of those of Foltz et al. [22]. South of the mean ITCZ location however, we could evidence warming by vertical turbulent processes associated with temperature inversions, found within barrier layers in the region. Due to these inversions, we found that the Guinea Dome upwelling is able to generate a surface cooling only in the northern half of the GD area. It clarifies the results from Yamagata and Iizuka [7], pertaining to the thermocline and not to the ML, which explained the decrease in heat content by horizontal and vertical divergence of the heat transport in all GD.

Our model results are limited by inherent errors due to the relatively low horizontal and vertical resolution near the coast, and uncertainties in air-sea fluxes. Despite the biases in the represented thermocline, ML and mesoscale structures, we hope that our paper can provide nevertheless a relevant basis for further studies of the variability of SST and currents in the ANETUS, in particular at other challenging time-scales, like intra-seasonal and interannual ones.

Important limitations in the present study are due to the scarcity of in-situ observations. Additional studies of ocean currents, upper ocean turbulence and mixing, and more robust estimates of air-sea heat fluxes are needed offshore West Africa. This will require the implementation of measuring instruments to monitor the coastal region over long time periods, such as fixed moorings performing oceanic and atmospheric measurements. Such measurements will allow us to better evaluate numerical models and improve our understanding of regional ocean-atmosphere exchanges and climate variability.
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Tropical Atlantic variability is strongly biased in coupled General Circulation Models (GCM). Most of the models present a mean Sea Surface Temperature (SST) bias pattern that resembles the leading mode of inter-annual SST variability. Thus, understanding the causes of the main mode of variability of the system is crucial. A GCM control simulation with the IPSL-CM4 model as part of the CMIP3 experiment has been analyzed. Mixed layer heat budget decomposition has revealed the processes involved in the origin and development of the leading inter-annual variability mode which is defined over the Equatorial Atlantic (hereafter EA mode). In comparison with the observations, it is found a reversal in the anomalous SST evolution of the EA mode: from west equator to southeast in the simulation, while in the observations is the opposite. Nevertheless, despite the biases over the eastern equator and the African coast in boreal summer, the seasonality of the inter-annual variability is well-reproduced in the model. The triggering of the EA mode is found to be related to vertical entrainment at the equator as well as to upwelling along South African coast. The damping is related to the air-sea heat fluxes and oceanic horizontal terms. As in the observation, this EA mode exerts an impact on the West African and Brazilian rainfall variability. Therefore, the correct simulation of EA amplitude and time evolution is the key for a correct rainfall prediction over tropical Atlantic. In addition to that, identification of processes which are responsible for the tropical Atlantic biases in GCMs is an important element in order to improve the current global prediction systems.

Keywords: tropical Atlantic variability, Atlantic Niño, GCM biases, heat budget, upwelling processes, West African rainfall, Brazilian rainfall

Introduction

Tropical Atlantic Variability (TAV) have important impacts over Africa and South America, where rain-fed agriculture is an important part of their economies (Xie and Carton, 2004; Chang et al., 2006a; Kushnir et al., 2006; Rodríguez-Fonseca et al., 2015). However, historically major efforts have been done in understanding the Tropical Pacific which holds the most important inter-annual variability mode in terms of the global impacts: El Niño and the Southern Oscillation (ENSO, Philander, 1990). The Tropical Atlantic (TA) has received much less attention. Recently, scientific community is focusing attention in understanding model biases over the TA, which is systemic and common problem in coupled General Circulation Models (GCM). These biases could have important consequences in the ability of the models in simulating proper tele-connections which could lead to failure in seasonal to decadal forecasts. This paper is focused in understanding how a GCM simulates the main inter-annual variability mode with major impacts in surrounding areas and its systematic errors.

Inter-annual TAV has been described by two main modes: Equatorial Mode or Atlantic Niño and the Meridional Mode (Zebiak, 1993; Carton et al., 1996; Ruiz-Barradas et al., 2000; Kushnir et al., 2006; also see Xie and Carton, 2004; Chang et al., 2006a, for a revision). The Atlantic Niño presents anomalous SST over eastern equatorial Atlantic, it is phase-locked to the seasonal cycle, mainly occurring from June to September season, when the seasonal equatorial cold tongue develops over the eastern Atlantic associated with a northward Inter-Tropical Convergence Zone (ITCZ)-shift and the West African Monsoon (WAM) onset (Sultan et al., 2003; Okumura and Xie, 2004).

The Atlantic Niño mode is therefore tightly associated with the WAM inter-annual variability (Janicot et al., 1998; Ward, 1998; Giannini et al., 2003; Polo et al., 2008; Losada et al., 2010; Rodriguez-Fonseca et al., 2011; Rodríguez-Fonseca et al., 2015): positive (negative) SST anomalies influence the rainfall over the Gulf of Guinea through a decrease (increase) of the local surface temperature gradient, weakening (strengthening) the monsoon flow and the surface convergence over the Sahel (Vizy and Cook, 2001; Losada et al., 2010).

From observations, the origin of the mode has been mainly associated with anomalous equatorial winds over the western equatorial Atlantic (Zebiak, 1993; Latif and Grötzner, 2000; Keenlyside and Latif, 2007) and the evolution of the SST anomalies is related to positive Bjerknes feedback (Keenlyside and Latif, 2007) and Ekman processes (Hu and Huang, 2007). However, oceanic wave eastward propagation could also play a role in the evolution of the SST anomalies in the eastern Atlantic (Latif and Grötzner, 2000; Florenchie et al., 2003) although ocean waves could also be important in damping the mode (Polo et al., 2008). Finally, a recent study from Richter et al. (2012b) has pointed out other sources for the equatorial SST variability in the observations, such as the oceanic advection from the North Tropical Atlantic (NTA).

However, several studies have found that the Atlantic Niño usually starts over the South Atlantic via a weakening of the Sta Helena high pressure system, reaching the equator later on, where it evolves throughout Bjerknes feedback mechanism (Sterl and Hazeleger, 2003; Keenlyside and Latif, 2007; Trzaska et al., 2007; Polo et al., 2008; Lübbecke et al., 2010). In addition, some authors have highlighted the SST dipole pattern between the equator and the south Atlantic as part of a SST feedback trough changes in the Hadley circulation (Nnamchi and Li, 2011; Namchi et al., 2013).

In the observations, the Atlantic Niño generally appears associated with SST anomalies over the coastal Benguela upwelling region, which usually precedes the equatorial anomalies (Hu and Huang, 2007; Polo et al., 2008). Recently OGM studies have suggested that one season delay between the SST anomalies at the equator and the Benguela coast could be due to different seasonal cycle in the mixed layer depth over these regions (Lübbecke et al., 2010). However observations and models studies have suggested that the occurrence of anomalous SST over the coastal areas is due to alongshore wind anomalies (Richter et al., 2010), while the equatorial SST anomalies are produced by anomalous western equatorial winds together, perhaps, with Rossby wave propagation from the south Atlantic (Polo et al., 2008).

Finally, the equatorial Atlantic Niño could be remotely forced by tele-connections mainly from the Pacific, although the relationship is inconsistent. Chang et al. (2006b) have argued that the ENSO influences the equatorial Atlantic only under a specific ocean state in the Atlantic. Following the former argument, Lübbecke and McPhaden (2012) have discussed the different equatorial Atlantic responses from ENSO forcing and they have pointed out the conditions over the NTA as the responsible for a delayed feedback through Rossby wave propagation. De Almeida and Nobre (2012) have suggested from observations how ENSO weaken the equatorial Atlantic variability while Rodrigues et al. (2011) have confirmed the different impacts of Pacific El Niño-types over the Equatorial Atlantic.

Regarding the simulation of the TAV in the current GCMs, all of the models participating in the Coupled Model Inter-comparison Project (CMIP3, CMIP5) fail to reproduces both, the seasonal cycle and the inter-annual variability over the equatorial Atlantic (Breugem et al., 2006, 2007; Large and Danabasoglu, 2006; Chang et al., 2007; Richter and Xie, 2008; Wahl et al., 2011; Richter et al., 2012a; see also Tokinaga and Xie, 2011 additional material; Richter et al., 2014). The strong bias over the tropical Atlantic is a feature of the coupled models and it has been related to several processes: for instance, the complex land-sea interaction in the Atlantic basin, the oceanic coarse resolution for reproducing enough upwelling and the problems in simulating winds and clouds by the atmospheric model component (Large and Danabasoglu, 2006; Richter and Xie, 2008; Richter et al., 2012a; Toniazzo and Woolnough, 2014). In particular biases over the cold tongue region in several models have been attributed to the remote impact of erroneously weak zonal surface winds along the equator in boreal spring, due to a deficit of Amazon rainfall, which reverse the equatorial thermocline tilt and prevent cold tongue formation the following season (Collins et al., 2006; Chang et al., 2007; Richter and Xie, 2008; Richter et al., 2012a). Wahl et al. (2011) have also emphasized the role of weak equatorial winds and the stratocumulus clouds in producing warm water in the Benguela region. Similar biases diagnosis over the tropical Atlantic with CCSM4 model by Grodsky et al. (2012) have concluded that a sufficient ocean horizontal resolution and adequate modeled alongshore winds are necessary for simulating northward transport of cold water along the coast. Otherwise, the error propagates westward by advection and positive feedback involving stratocumulus clouds (Mechoso et al., 1995; Grodsky et al., 2012). In addition, another potential source of bias is the impact of errors in the atmospheric hydrologic cycle on the ocean stratification through its effects on ocean salinity (Breugem et al., 2008). Recently, Toniazzo and Woolnough (2014) have analyzed the growth of the error in several CGMs and each model has its particular processes for creating the bias, for instance, HadCM3 has a too passive ocean which prevents the advection of heat from upwelling areas.

As a result of an inadequate seasonal cycle over the equatorial Atlantic, coupled models also fail in reproducing the proper leading mode of the inter-annual variability (i.e., Atlantic Niño, Breugem et al., 2006, 2007; Richter et al., 2014). Nevertheless, most of the CMIP models show variability over the equatorial Atlantic associated with a Bjerknes feedback (Breugem et al., 2007; Richter et al., 2014), suggesting that they are able to produce some thermocline feedbacks even when the mean thermocline is much more deeper in the eastern equatorial Atlantic compared with the observations (i.e., see variability of HadCM3 Figure 2 in Polo et al., 2013).

In particular, the IPSL-CM4 model used along this work, shows a wrong annual mean of SST along the equator but less bias of equatorial surface winds compared with the rest of the CMIP3 models (see Figures 2, 10 in Richter and Xie, 2008). Besides, IPSL-CM4 model displays a very reasonable seasonality of the Atlantic Niño variability (see Figure 1B and compare with the variance for rest of the models in Breugem et al. (2006, 2007) and the next version of the model IPSL-CM5 (part of the CMIP5) has not improved neither the mean state nor the variability over the equatorial Atlantic (i.e., Richter et al., 2014). Biases in the inter-annual TAV are poorly studied (Ding et al., 2015), however, the model community needs an appropriate tool to improve the SST bias in both, seasonal cycle an inter-annual variability in the next model generations and to be able to represent a more accurate way the tropical tele-connections. This is a “sine qua non” condition for better assessing interpretation about future climate.
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FIGURE 1. Tropical Atlantic SST bias. Seasonal cycle for the Atl3 index [SST averaged over 20W–0E 3N–3S], (A) mean (minus the long-term mean) and (B) standard deviation for each month for the model (blue) and observations from HadISST dataset (red) and ERSST dataset (green). The IPSL-CM4 model simulates variability over summer season over the eastern equatorial Atlantic. (C) Mean SST (shaded in C) and standard deviation of SST (contours) for MAMJ season for the model. The green square is the Atl3 region (D) same as (C) but for the JASO season. (E,F) same as (C,D) but for the observations (HadISST dataset). (G) SST BIAS (model minus observations, in C) for MAMJ 4-months seasons (H) same as (G) but for JASO.



Here we want to understand the mechanisms behind the Atlantic Niño-like in IPSL-CM4 coupled model. The way the model produces its own Atlantic Niño mode will give more insights in the understanding of the coupled model biases in the inter-annual variability. We will answer the following questions; how is IPSL-CM4, a state-of-the-art coupled model, generating inter-annual TAV? how does the model simulate the main mode of inter-annual variability? What are the processes governing the origin and damping of this mode, in particular the ocean heat fluxes? And finally, are vertical subsurface turbulent processes as important as for the seasonal cycle of the stand- alone ocean model (Peter et al., 2006; Jouanno et al., 2011) and the observations (Foltz et al., 2003; Hummels et al., 2014)? The last interrogation justify by itself the modeling approach we chose, instead of observation derived one, since subsurface mixing observations are far too sparse to allow constructing a reasonably closed heat budget at basin scale.

The article is organized as followed, firstly the model and data used are described with a discussion of the seasonal cycle and the variability in the model, in the results section the mode is described together with the associated heat budget and the main processes are explained. Finally, a discussion and the main conclusions are summarized.

Model and Methods

Although this work is devoted to understand the variability in the coupled model, some observational data has been used throughout the work in order to validate the model (Figure 1–3). For the SST, HadISST (Rayner et al., 2003) and ERSST (Smith and Reynolds, 2003) has been used. For the Mixed Layer Depth (MLD), data from de Boyer Montegut et al. (2004) has been used. Near-surface ocean current estimates come from Ocean Surface Current Analysis (OSCAR) merged satellite dataset (Bonjean and Lagerloef, 2002); surface wind from ERA-Interim reanalysis (Dee et al., 2011) and precipitation CMAP dataset (Xie and Arkin, 1997). In the following section the IPSL-CM4 coupled model is described.

Description of the Model

Fully coupled climate model developed at the Institut Pierre-Simon Laplace, IPSL-CM4 v2 (Marti et al., 2010) has been used. This model is composed of the LMDz4 atmosphere GCM (Hourdin et al., 2006), the OPA8.2 ocean model (Madec et al., 1997), the LIM2 sea-ice model (Fichefet and Maqueda, 1997) and ORCHIDEE 1.9.1 for continental surfaces (Krinner et al., 2005). The coupling between the different parts is done by OASIS (Valcke et al., 2000). The resolution in the atmosphere is 96 × 71 × 19, i.e., 3.75° in longitude, 2.5° in latitude, and 19 vertical levels. The ocean and sea-ice are implemented on the ORCA2 grid (averaged horizontal resolution ~ 2°, refined to 0.5° around the equator, 31 vertical levels). This model was intensively used during the CMIP3. Properties and variability of the large scale oceanic circulation in the model was investigated by Msadek et al. (2010) in the North Atlantic and Marini et al. (2011) in the Southern Ocean. Mignot and Frankignoul (2010) studied the sensitivity of the Thermohaline Circulation to anomalous freshwater input in the Tropics. Representativity of tropical features was investigated in particular in Braconnot et al. (2007) and Lengaigne et al. (2004, 2006), as well as in some multi-model studies (Richter and Xie, 2008; Richter et al., 2014). However, the TAV in this model was not investigated per se.

In addition to the 500 year control simulation, with constant pre-industrial GHG concentration, the heat and salinity budgets in the mixed layer are available over an extra 50 years period. This period, which will be used to investigate TAV, has thus beneficiated from an adjustment of more than 500 years (Marti et al., 2010). Notice that the version of the model used in CMIP5 (IPSL-CM5) does not show an improvement over the tropical Atlantic, therefore we will make use of the available simulations of IPSL-CM4 for understanding processes in the TAV.

Seasonal Cycle in the Model

Figures 1A,B shows the seasonal cycle of the SST over the Atl3 region [20W-0E, 3S-3N]. The observations and the model show in general a good agreement with the timing in the seasonal cycle and its variability. Although the peaks of both, the mean and the variance in the model are delayed by 1 month with respect to the observations, the model seems to be reliable to reproduce the Atlantic Niño seasonality, which is important in terms of tele-connections and impacts (García-Serrano et al., 2008; Losada et al., 2010, 2012). Nevertheless, the model shows an important bias of the annual mean SST over the equatorial region from MAMJ to JASO season (Figures 1C,D).

Correct representation of the timing in the cold tongue evolution is important. Figures 1C–F illustrates the SST in MAMJ and in JASO seasons when the origin and damping of Atlantic Niño occurs respectively. A strongest bias is seen in JASO, and it exceeds 4C, although in the previous MAMJ season the bias is also presented with 2–3C of differences with respect to the observations.

Maximum SST biases are found along the eastern oceanic borders (Figure 1H), in the well-known regions of coastal upwelling. Such biases are very common in coarse resolution coupled models (e.g., Large and Danabasoglu, 2006) or even forced oceanic models (Richter et al., 2012a). Note that the SST bias is maximum during the summer of each hemisphere, which is the season of maximum upwelling (not shown). The SST variability is also biased in the model; maximum variability from MAMJ to JASO occurs over western-central equator, while in the observations the standard deviation shows the cold tongue shape over the eastern-central equator. Strong variability for both, model and observations is found in the Angola/Benguela front.

In summary, Figures 1G,H shows the typical bias in the state-of-the-art models consistent in a dipole pattern of cooling in the north and warming in the south (Grodsky et al., 2012). The northern cooling is related to an excess of wind-induced latent heat loss while the southern warming has been related to both weak winds over the western equator and the related air-sea feedbacks together with reduced alongshore upwelling in the Angola-Benguela region. The later could induce, in turn, an erroneous ocean heat advection (Large and Danabasoglu, 2006; Richter and Xie, 2008; Grodsky et al., 2012; Toniazzo and Woolnough, 2014; Xu et al., 2014).

Figures 2A,B shows the seasonal transition (from MAMJ to JASO) of the mixed layer depth and the surface currents. The modeled mean circulation shows strong westward surface currents at the equator. The strengthening of the North Brazil Current (NBC) along the American coast and the retroflection at 5N in MAMJ-JASO, leading to the eastward North Equatorial Counter Current (NECC), which extends into the Guinea Current in the Gulf of Guinea are satisfyingly simulated. The amplitude of the NECC in the model matches the observed one; however the intensity of NBC is overestimated in the model as well as the westward surface currents at the equator (i.e., −0.4 m/s in the model vs −0.1 m/s in the observations from OSCAR dataset in MAMJ). This bias in the equatorial surface currents can be seen as a northward shift and extension of the South Equatorial Current (SEC), which is present in MAMJ when all the equatorial flow is westward (Figure 2A). The North Equatorial Current (NEC) which has its maximum at 10N-20N is less representative from MAMJ to JASO in the model. Finally, the Equatorial Under-Current (EUC) is also well-simulated by the model with a strengthening from boreal spring to late-summer at 80–120 m (not shown), as it is observed (Bourlès et al., 2002; Arhan et al., 2006; Brandt et al., 2006).
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FIGURE 2. Biases in the TA ocean. (A) Mean Mixed layer depth (shaded in m) and horizontal currents (vectors in m/s) from the model for the MAMJ (B) same as (A) but for JASO 4-months season. (C,D) Same as (A,B) but for the observations. (E) Mixed layer depth in meters for the model (bold lines) and the observations (dashed lines) along the equatorial Atlantic [3N–3S] for the four seasons.



MLD in the model shows an equatorial minimum with a large westward extension in comparison with the observations (Figures 2A,C). A maximum dome in the west equatorial Atlantic at 3N appears in JASO season (Figure 2B) forming a dipole pattern a both side of the equator. However, mixed layer off-equatorial band is quiet well-represented in the model. Additionally, Figure 2 includes the comparison modeled-observed MLD for the four seasons at the equator (Figure 2E). The striking feature is that the model has a reduced MLD all along the year and in particular: (i) in MAM the MLD minimum (~11 m) is found at 30W-20W and in JJA the slope east-west is substantially reduced and the MLD at the west equator is 20 m in the model vs. 40 m in the observations. This westward displacement of the minimum MLD could explain the maximum standard deviation of the SST in Figure 1. Besides, this difference would be important to explain the shape of the variability mode described in the following section.

Figure 3 shows the seasonal transition for the wind stress and precipitation (form MAMJ to JASO). The northward ITCZ-shift is quite well-represented in the model, although the modeled precipitation is located southward compared with the observations especially over West Africa, presumably associated with the warm SST bias over the equatorial Atlantic (Figures 1C,D) and the weaken cross-equatorial surface winds (toward land) in comparison with observations (Figures 3B–D). Next section describes the main Tropical Atlantic variability mode in the model which is related to the rainfall variability over the surrounding land areas.
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FIGURE 3. Biases in the TA atmosphere. (A) Precipitation (shaded in kg/day) and wind stress (vectors in N/m2) from the model over Tropical Atlantic for MAMJ (B) same as (A) but for JASO 4-months seasons. (C,D) Same as (A,B) but for the observations.



Methods for Finding the Mode

Previously to determine the leading mode of the equatorial SST inter-annual variability, we have removed the seasonal cycle of the variables and we have applied an inter-annual filter to all the data. To this end, we have subtracted the previous year to the actual year, removing the low-frequency variability and just allowing the inter-annual variability to arise (Stephenson et al., 2000). This is very useful since the equatorial Atlantic has a strong decadal signal which could be mixed with the higher frequencies (see also Figure 4). We are using monthly mean anomalies for all variables.
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FIGURE 4. The EA mode: spatial pattern and time-series. (A) spatial pattern of the EA mode (B) Standardized time series for the EA-mode (JJAS mean) (C) Standardized time series for JJAS Atl3 index for the observations, from HadISST dataset (red) and ERSST dataset (green). For the observations the period 1949–2000 has been chosen. (D) Power Spectrum for the time series above-mentioned (50 years). The observations and model have a common peak in [3–4] years band. Multi Tapper method has been used to perform the spectrum and the significance corresponds to 95% confidence level for AR(1) fitting.



The leading co-variability mode between SST over the TA and the rainfall over West Africa is related to a strong ENSO signal (not shown). It shows a warming over the whole tropical basin from MAMJ to JASO associated with anomalous positive rainfall over Sahel region in JJAS (not shown). This mode reflects the excess of tele-connection of El Niño in most of the coupled models (Lloyd et al., 2009) due to atmospheric feedbacks and it is not investigated further here. To this end, we thus have removed the ENSO influence on the Tropical Atlantic following the methodology by Frankignoul and Kestenare (2005). We have reconstructed the global SST with the two leading Principal Components of the tropical Pacific, which is the region [120E-90W, 10S-10N]. The two PC constitute 56% of the total variance. The reconstructed data has been removed from the original data and the tropical SST has been retained.

In order to extract the variability modes, we have computed EOF over the TA monthly mean SST anomalies. Note that the SST-WAM co-variability modes calculated from Extended Maximum Covariance Analysis (EMCA, Polo et al., 2008) do not change substantially from SST EOF modes (not shown). Although the EOF method is simpler than EMCA, it also allows discriminating the variability mode that is phase-locked with the seasonal cycle and in our case, locked within the JJASO season.

Hereafter in the manuscript, the regression and correlation maps are the result of projecting the different model outputs onto the PC time-series of the Equatorial Atlantic (EA) mode, which is associated with the first EOF of TA after pre-processing the data. Ninety percent of confidence level has been used to test the significance of the correlation with a t-test.

Results

Equatorial Atlantic (EA) Mode

The leading mode of SST inter-annual variability over the Tropical Atlantic shows an anomalous warming over the equatorial Atlantic explaining 37% of the variance (Figure 4A). Figures 4B,C shows the time-series of the mode (JJAS mean), together with the Atl3 index for the observations. Seasonality of the EA mode shows a peak in JJASO (not shown).

The power spectra of these time-series are shown in Figure 4D. We have used Multi Tapper Method (Thomson, 1982) to allow more degrees of freedom and significance. The mode highlights maximum of energy in [2–5] year period band, consistent with the observational data (maximum around 2–7 year period band). Peak at 3–4 years is very well-simulated. Next section describes the evolution of the SST pattern and the associated impacts in JJAS precipitation.

Impacts of the EA Mode

Figure 5 shows the regression of the precipitation and SST over the EA time-series for JJAS season. The EA mode is associated with an anomalous southward shift of the rainfall belt during JJAS also related to anomalously warm SSTs covering the whole tropical Atlantic basin (Figure 5, since the EA-mode has a linear nature, the same is true for the opposite case). Warm SST is associated with increased precipitation over the equator, more relevant over the western equatorial Atlantic, suggesting that convection is dislocated westward as an atmospheric response. Rainfall over Brazil and Peru are highly anomalous positive. Associated with the equatorial increase in rainfall, a clear negative anomalous precipitation signal appears over 5-10N in the tropical Atlantic which represents 20% of the precipitation variability of the region in the model. Therefore the onset of West African Monsoon is affected by this EA mode: the evolution of the anomalous negative rainfall shows a latitudinal shift with a maximum over JJAS (not shown), when the rainfall reaches its northernmost position over West Africa. Another significant area of anomalous precipitation is South Africa which could be related to anomalous negative inland flow due to the warming along the Benguela/Namibia coast.
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FIGURE 5. Impacts of the EA mode over TA. Regression map of the anomalous precipitation (shaded in standard deviations) and SST (contour lines in C) onto the EA-mode for JJAS season.



EA Mode Evolution

The evolution of the mode (SST together with the time-derivative of SST) is illustrated in Figure 6 and it is the focus of this study. Since the ENSO effect has been removed, this mode is assumed to be an intrinsic mode of the TA system in the model. The evolution of the mode shows a warming over the equator and the African coast from MJJA to JJAS seasons, with a maximum of about 0.15°C per month over the west equatorial Atlantic in MAMJ and a resulting SST anomaly peaking in size and value in JASO (about 0.2°C over the eastern half equator). Notice that the amplitude of the SST anomalies (0.15°C) corresponds to the filtered data, which is ~0.5°C of the non-filtered data in the model from composites of the highest events (i.e., SST >0.5 in the index). This anomaly represents 0.5°C in the central equatorial Atlantic in JJAS, which is roughly 1 standard deviation in the model (Figure 1). The damping of the anomalies at the equator becomes maximum in JASO season (Figure 6F).
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FIGURE 6. Evolution of the EA mode. Regression map of SST anomalies (contours in C), dSST/dt (shaded in C/month) and wind stress (vectors in N/m2) from FMAM (A) to SOND (H) 4-months seasons onto time-series of the EA mode. Only significant areas have been plotted from a t-test at 90% confidence level.



The equatorial Atlantic warming is associated with a relaxation of the equatorial and trade-winds: southward cross-equatorial anomalous winds are developed as the subtropical winds are also reduced from AMJJ to JASO (Figures 6C–F).

Regarding the similarity of the EA mode from the model and the one found in the observations with the EMCA method (Polo et al., 2008), the model is consistent in amplitude. The amplitude of Atlantic Niño from observations is ~0.4°C over the central equatorial Atlantic in JJAS (see Figure 3 in Polo et al., 2008), which corresponds to half standard deviation.

The main difference between the EA mode in the model and the observational Atlantic Niño is the geographical evolution. Polo et al. (2008) have found the mode starts in MAMJ at the southwest African coast over the upwelling region and the SST anomalies seem to propagate westward and equatorward reaching the whole equatorial band in JASO, consistent with many studies with EOF (i.e., Ruiz-Barradas et al., 2000). The evolution of the SST anomalies in the model is mainly from west equatorial Atlantic to South African coast. The fact that the mode starts ~30W in the simulation could be due to differences in the mean seasonality of the mixed layer depth (Figure 2). The mixed layer in the model results too shallow compared with the observations, especially in the west and thus impacts of surface wind anomalies are integrated by the ocean nearly simultaneously over the whole equatorial Atlantic basin. Despite the differences, the observed warming over the equatorial Atlantic is simulated. Next section investigates this origin from previous winter regressions.

Origin of the EA Mode

Associated with the EA mode, there is anomalous SST around 20S co-varying with the equatorial warming. These SST anomalies are present from FMAM (contour lines in Figure 6A) and are persistent and related to anomalous trades over south Atlantic. In order to understand these preceding anomalies, Figure 7 shows global SST and wind stress projected onto EA mode from previous seasons SOND(-1) to FMAM(0). The subtropical–extra-tropical features related to the mode from previous SOND season are consistent with the observations: SST anomalies over the subtropical South Atlantic in a dipolar-like pattern are presented from previous seasons (SOND), associated with anomalous winds of the South subtropical high pressure system (Figure 7A).
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FIGURE 7. Origin of EA mode. (A) Regression map of the global anomalous SST (shaded in C) and wind stress (vector in N/m2) onto the time-series of the EA mode for the previous SOND (year -1) season. (B) Same as (A) but for NDJF (year -1). (C) same as (A) but for DJFM (year 0). (D) same as (A) but for the FMAM (year 0).



This dipole-like structure in the model develops (Figures 7A–D) increasing both, the wind anomalies and the SST response, and persists almost stationary in the following MAMJ to JASO (contour lines in Figure 6). Tropical/extra-tropical structure over Atlantic in Figure 7A is quite similar to the pattern reported by observational studies (Trzaska et al., 2007; Polo et al., 2008; Nnamchi and Li, 2011). Global pattern in Figure 7D resembles the tele-connection patterns from the Southern Pacific basin via extra-tropical Rossby wave train (Penland and Matrosova, 1998; Barreiro et al., 2004; Huang, 2004) with an associated SST dipolar pattern at both sides of 25S.

Although La Niña pattern is developing the previous NDJF season, the wind anomalies over the south Atlantic seems to appear previously to the Pacific anomalies (Figure 7A), suggesting that the ENSO could enhance anomalous wind structure over south Atlantic via Rossby wave-train but the source in SOND (year-1) rather is intrinsic variability over southern hemisphere in the model (Figure 7). The associated global structure shows an austral hemispheric pattern similar to the Southern Annular mode (Terray, 2011). Although it is difficult to explain why the equatorial SST and the anomalous subtropical SST co-vary from SOND(-1) to ASON (0), the covariance between anomalous equatorial winds and the austral extra-tropical wind (southern 40S) is significant.

In summary, the development of the tropical SST anomalies associated with the EA mode is intrinsic to the tropical Atlantic basin through local feedbacks, but the SST anomalies over the subtropical/extra-tropical basin from the previous seasons (SOND-DJFM) are explained by atmospheric forcing from extra-tropical southern hemisphere and, perhaps, enhanced by ENSO tele-connections.

We will concentrate in understanding how the equatorial SST anomalies are formed and damped. Projections of the surface variables onto EA mode index allow us to understand how the coupled model reproduces an Atlantic Niño-like. The evolution of the EA has a maximum growth in MAMJ and the decay starts in June with a minimum in JASO season (Figure 6). In the next section we will analyze how these SST changes are simulated in the model and what are the associated processes.

The Heat Budget

From the closed heat budget over the mixed layer depth, we have illustrated the components responsible for the formation of the SST anomalies of the EA mode described in Figure 6. Mixed layer temperature equation is decomposed as described by Vialard et al. (2001) and also by Peter et al. (2006). Equation (1) describes the SST tendency integrated over the mixed layer depth h as:
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Integrals represent the quantity integrated over the mixed layer. In Equation (1), T is the temperature in the mixed layer, Th is the temperature below the mixed layer; u, v and w are the zonal, meridional and vertical currents, respectively, and Dl the lateral diffusion and Kz the vertical mixing coefficient. Qnet is the total net heat flux with the atmosphere and it is divided in radiative Qrad and turbulent Qturheat fluxes. F is the function that describes the fraction of shortwave fluxes penetrating the mixed layer, ρ 0 is the sea water density and Cp is the sea water specific heat capacity coefficient.

The heat budget can be divided into oceanic components and air-sea fluxes forcing (atmospheric components). The total air-sea fluxes forcing is the term (c) on the right hand side and it is the sum of the surface turbulent and radiative heat fluxes. The oceanic part has all the horizontal and vertical terms [a and b on the right hand side of Equation (1)]. Horizontal ocean components (a) are the sum of the horizontal advection plus horizontal diffusion. The vertical terms (b) are the turbulent mixing, vertical advection and an entrainment term computed as the residual following Vialard et al. (2001).

In order to understand the evolution of the EA mode, regression of the terms in the SST tendency equation onto the time-series of the EA mode are analyzed in this section. Note that the regression operator respects the linear partitioning of Equation (1) and that the sum of the regressed terms equals the regressed SST time derivative.

Development of the EA Mode

Figure 8 shows the main components for the MAMJ season, when the warming is maximum in the central equatorial basin. At the equator, there is a large-scale structure which is an intensification of anomalous westerly winds, already seen from previous seasons (i.e., FMAM in Figure 6A). These wind anomalies induce an equatorial positive warming by the oceanic contribution in the mixed layer budget, with a primary maximum in the west and a secondary one in the east (Figure 8A). Noticeably, air-sea fluxes above are negative and principally reduce the ocean dynamics impacts (Figure 8B). Hence the trade reduction is not warming the equator through negative latent heat loss anomalies, as one could have expected, but through its frictional effect on the ocean dynamics. Considering the dependence of the latent heat loss to SST through both, sea level humidity gradient and wind speed, we can conclude that the trade reduction influence on the SST is countered and dominated by the surface humidity increase, itself triggered by the oceanic warming. A similar pattern was found by Sterl and Hazeleger (2003) and Polo et al. (2007) in the observations. Additionally, anomalous positive precipitation and thus anomalous cloud cover over the western-central equatorial Atlantic (especially from AMJJ, not shown) can affect the radiative fluxes by cooling the surface. In summary, air-sea fluxes over the equator merely damp the oceanic warming. In contrast with the climatological seasonal cycle, where air-sea fluxes participate to the cold tongue development through a decrease of their warming effect (not shown), their inter-annual role for the EA mode of variability is only destructive.
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FIGURE 8. Processes in the development of the EA mode. Heat budget for the mixed layer regressed onto the time-series of the EA mode for the growth season MAMJ. (A) Total Ocean component (shaded in C/month) and total SST tendency (contour, in C/month) (B) Atmospheric component (shaded in C/month), SST (contour in C) and wind stress (vector in N/m2) (C) Horizontal ocean component (shaded in C/month) and SSH (contour in cm) and horizontal surface currents (vectors in m/s) (D) Vertical ocean component (shaded in C/month) and total SST tendency (contour in C/month). The colorbar of purple/red colors are significant areas for the SST tendency at 90% confidence level. Bolded contours and vectors are significant areas.



When searching for the details of the equatorial warming mechanisms, the partitioning of the oceanic contribution point out to the anomaly of vertical fluxes at the base of the mixed layer (Figure 8D), largely associated with turbulent mixing (not shown), which appear as the only cause of the warming, while the horizontal oceanic fluxes contributions are essentially negative. In other words, the net SST anomaly in MAMJ is driven by an upwelling intensity decrease. In coherence with the general behavior of the upwelling systems, the pattern of the vertical component shows a warming also along the African coasts and in particular over both the Ivory Coast and the Angola-Benguela upwelling systems (respectively near 5N-5S, and from the equator down to 20S) reminding the seasonal cold tongue structure (see also Figure 1D). The associated cooling by horizontal oceanic contribution displays a very comparable in amplitude but opposite sign pattern, which anomalous currents are reminiscent in opposite of the seasonal mean South Equatorial Current (see Figure 2A). Considering the net oceanic contribution and the total SST change in MAMJ season, it appears that horizontal dynamics is only able to drive a significant SST anomaly very locally at the Angola-Benguela front, where lie two intense horizontal SST gradient, that is the mean front and an anomalous one (see respectively Figures 1C, 8B).

From MAMJ to JASO, the anomalous equatorial warming on Figure 6 seems to propagate eastward along the equator. Anomalous eastward currents at the Equator in MAMJ (Figure 8C) are wind-driven (vectors in Figure 8B). The SSH anomalies are positive and present along the equatorial and the African coast (contours in Figure 8C), these SSH anomalies suggest that oceanic waves could be interacting by changing the vertical stratification (and thus mixed layer depth h) which would affect the vertical terms (Figure 8D). These vertical terms are the dominated processes in the warming of the equator and African coast associated with the EA mode.

The ocean horizontal component shows a damping pattern eastward of the maximum SST anomaly in MAMJ (Figure 8C), suggesting that horizontal advection (both terms, the mean horizontal currents over the anomalous SST gradient (umgradT'), and anomalous currents under mean temperature gradients (u'gradTm) are responsible for this local cooling (while u'gradT' and umgradTm would warm the surface). Together with horizontal terms, the atmosphere is instantaneously damping the excess of anomalous SST over the region of maximum SST change.

Finally, the Benguela area shows similar behavior although with less intense anomalies than the equatorial band: in FMAM, the wind is reduced over this region, both coastal upwelling cooling and latent heat loss are reduced and act together to warm the surface (not shown). Afterwards (from MAMJ), the SST anomaly becomes important and the atmospheric fluxes turn into a damping term (Figure 8B). Anomalous vertical terms are the main responsible for the warming over the African coast (Figure 8D).

Damping of the EA Mode

The mode terminates with a reduction of the large-scale equatorial wind anomaly (centered on 5S-5N) and a weakening of the Santa Helena pressure system 40S (JASO, Figures 6, 9A,B). In JASO, when the mode enters its vanishing phase, the equatorial SST anomalies are damped between 35W and 10W. Figure 9 shows that it is caused by the oceanic contribution from 35W to 20W, and by the air-sea fluxes effects from 20W to 10W. Whereas there is no other important role for ocean dynamics, the air-sea fluxes also control the damping over almost the whole tropical south Atlantic. As explained above, this suggests that the change in air-sea temperature and humidity gradients are the main components since the wind stress is still anomalously weak (Figure 9B). The damping by vertical humidity surface gradient was a damping mechanism also pointed out by Sterl and Hazeleger (2003) for the tropical-subtropical southern dipole.
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FIGURE 9. Processes in the damping of the EA mode. Same as Figure 8 but for the decay season JASO.



At the equator, the partitioning of the oceanic terms allows realizing that the total ocean contribution is dominated again by the vertical terms, which warm the eastern half of the change in SST visible on Figure 9A, and cools its western half, helped by the horizontal terms (Figures 9C,D). This reversed sign is probably caused by the reduction of the wind anomaly and the fact that mean vertical currents are now acting in a more stratified ocean. In addition, as in the previous seasons, the important oceanic contribution for the cooling comes from the horizontal component at the eastern of 20W (Figure 9C).

In summary; the ocean is the responsible of the warming over the western part of the equatorial basin and along the African coast by anomalous vertical entrainment while the atmospheric forcing is responsible for warming the South Atlantic region from the previous seasons (not shown) until MAMJ (Figure 8). The atmosphere is damping from the beginning of the SST anomaly formation at the equator and along the African coast.

Discussion and Conclusions

In the IPSL-CM4 coupled model, the leading mode of SST variability is found at the equator and along the African coast in the southern hemisphere. This mode is described and referred here as Equatorial Atlantic (EA) mode. Anomalous westerly winds are associated with an anomalous downwelling pattern along the equator and the African coast, while horizontal terms and the atmosphere are damping the resulting SST anomalies.

It is found that the EA mode is part of the internal TAV in the model, however the EA mode is found to covary with an austral hemispheric mode during previous seasons (from internal extra-tropical atmospheric variability) and possibly enhanced by tele-connection from Pacific La Niña throughout Rossby waves impacting the Sta Helena high pressure system.

Regarding the observations, the mode starts over the Benguela region in boreal spring and then reaches the eastern equator, with a stronger SST signal than the EA mode in the model. The opposite situation occurs in the model; the SST anomalies seem to propagate from the western equator to the African coast. The delayed SST anomalies at the equator have been explained by the different mixed layer depth seasonality in Angola/Benguela region and the eastern equator (Lübbecke et al., 2010). Following the similar reasoning, the reversed propagation in the model (i.e., the SST anomalies start first at the western-central equator and later on at the eastern equator) could be due to the fact that the mixed layer depth seasonality is not well reproduced in the model. Maximum SST variability in MAMJ season is found at 40W-30W at the equator (Figure 1C). This SST variability maximum is also found in the entrainment and vertical diffusion terms (not shown). The fact that the region of maximum variability in SST (and vertical oceanic terms) corresponds to a minimum in MLD in MAM (Figure 2E) suggests that the seasonality of MLD could be tightly linked to the SST changes. Additionally, the model sub-estimates the MLD along the equator but especially west to 20W in MAM season (Figures 2A,C). If the MLD is very shallow, vertical terms will be more effective in changing the temperature, which could result in a positive feedback. Nevertheless, in order to deeply understand how important the MLD bias is for the formation of the SST anomalies and its seasonal evolution, associated with the EA mode, we would need to perform sensitivity experiments and further analysis would be required.

The vertical terms are the major contributor to generate SST anomalies over the equator and along the African coast in IPSL-CM4 (also in other models as CCSM4 see Muñoz et al., 2012). Tropical Atlantic SST variability in models is very sensitive to details in the upper ocean vertical mixing scheme. Hazeleger and Haarsma (2005) investigated the sensitivity of the climate models to the mixing scheme and they found that when the entrainment efficiency is enhanced, the mean and variability over the TA are improved. More work is needed for understanding these processes and the different mixing schemes, which will help to comprehend and reduce biases in coupled models. More investigation could be done using coupled simulation with reduced bias to better discriminate the Atlantic Niño-like mode and the processes involved.

The main results are summarized in this section as follows:

• Even though the IPSL-CM4 model presents a strong mean SST bias over the Atlantic cold-tongue region in JJAS season, the model is able to reproduce the amplitude and the seasonality of the Atlantic Niño inter-annual variability quite well (Figure 1).

• Equatorial Atlantic inter-annual SST variability mode (EA mode) has been identified to occur in the IPSL-CM4 coupled model control experiment. EA mode consists in an anomalous SST over the equatorial Atlantic and African south coast (from MAMJ to JASO) in a cold-tongue shape. This mode is considered as Atlantic Niño-like in the model (Figures 5, 6).

• EA-SST pattern is related to anomalous rainfall in JJAS in a dipole-like structure over the equator and 10N. Anomalous precipitation is found over North Brazil, West Africa and South Africa (Figure 5).

• An anomalous SST dipole over the south West Atlantic (from previous SOND (year-1) to FMAM) occurs to co-vary with equatorial SST anomalies. The SST dipole over south Atlantic in boreal fall-winter preceding the equatorial boreal summer SST anomalies is due to anomalous Sta Helena High pressure system, which seems to be part of the atmospheric extra-tropical internal variability over austral hemisphere and, perhaps, enhanced by the Indo-Pacific tele-connection (Figure 7).

• In the EA mode, the warming (cooling) at the equator and along the African coast is due to anomalous vertical upwelling processes from MAMJ to JASO. Horizontal terms tend to damp the SST anomalies at the east of the maximum SST anomaly. From JASO, the anomalous eastward (westward) currents start to reverse and the vertical ocean starts to cool (warm) at 30W (Figures 8, 9).

• Despite the anomalous wind stress over the equatorial Atlantic, the atmosphere forces the damping of the SST anomalies throughout anomalous turbulent heat fluxes (wind-driven) and radiative heat fluxes (cloud-cover) from MAMJ to JASO.

• EA-SST evolution is found to be weaker and opposite in the model in comparison with the observations: from west equator to the southeast Atlantic. This could be related to the wrong mixed layer depth along the equator in the model which allows the ocean to easily integrate the changes from an anomalous forcing in the western equator. In addition, the model bias of a strong westward surface current at the equator in MAMJ could act to damp in excess the SST anomalies, resulting in decreasing the amplitude of the equatorial SST anomalies of the mode with respect to the observations.
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In this work we use a Lagrangian model (FLEXPART) to investigate the contribution of moisture from the Atlantic Warm Pool (AWP) to the atmospheric hydrological budget during the period from 1982 to 1999, and to identify which regions are affected by the moisture transport from this source. FLEXPART computes budgets of evaporation minus precipitation by calculating changes in the specific humidity along 10-day forward trajectories. A monthly analysis was made for May–October, the typical development period of the AWP. Climatologically, the moisture transported from the AWP to North and Central America increases from June onwards. Humidity is also transported toward western Europe from July to October, probably favored by the positioning of the North Atlantic Subtropical High and its associated flows. The largest moisture sinks associated with transport from the AWP were found from August to October, when the warm pool can extend to the north-western coast of Africa. The technique of composites was used to analyse how the interannual variability of moisture contribution from the AWP depends on changes in the pool's areal extension, and on the El Niño Southern Oscillation (ENSO). The results indicate that during episodes when the AWP is at its maximum extent, its moisture contribution increased to the Caribbean, to the region of the Inter-tropical Convergence Zone (ITCZ), and to the North Atlantic. By contrast, less moisture was transported to southeastern North America during July and August, or to central North America during September and October. The differences in moisture sink regions for extreme ENSO episodes suggest that there are favored sinks in the Caribbean and in the ITCZ region during La Niña events.
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Introduction

The understanding and quantification of the link between evaporation of water in one region and precipitation in another, and of the connecting processes, is one of the main problems in hydrometeorology (Gimeno et al., 2010). However, moisture transport between different regions of the Earth is difficult to quantify because it involves all components of the hydrological cycle (Stohl and James, 2004, 2005). By considering a moisture source as an area of maximum divergence of the vertically integrated moisture flux (VIMF) (Trenberth and Guillemot, 1998), Gimeno et al. (2010) identified both the major oceanic source areas of moisture and the continental regions significantly influenced by the humidity transported from each source through a Lagrangian approach.

Applying the same methodology and focusing on tropical latitudes, Drumond et al. (2011) studied the moisture contribution of the Western Hemisphere Warm Pool (WHWP) to northern hemisphere precipitation. The WHWP is the world's second largest warm pool, and is defined by the sea surface temperature (SST) isoline of 28.5°C (Weisberg, 1996; Wang and Enfield, 2001). At various stages of development, the WHWP comprises the eastern North Pacific and eastern Pacific, the Gulf of Mexico, the Caribbean Sea, and the Western Tropical North Atlantic (TNA). The Central American land mass divides the WHWP into two oceanic regions: the eastern North Pacific Warm Pool and the Atlantic Warm Pool (AWP) (Wang et al., 2008). As the WHWP develops, higher SSTs drive a number of linked phenomena: increased temperature and moisture in the local troposphere, decreased sea level pressure (SLP), light winds from the east, and decreased vertical wind shear (Gray, 1968; Knaff, 1997).

 Drumond et al. (2011) showed that during the WHWP's development, it is a source of moisture for precipitation in Central and North America, the North Atlantic, and Western Europe. However, they did not investigate contributions from the Atlantic and the Pacific subregions of the WHWP separately, and their 5-year analysis did not allow an investigation of interannual variations in moisture transport from the pool.

The AWP, as a component of the WHWP, is a large body of water warmer than 28.5°C, which may comprise the Gulf of Mexico, the Caribbean Sea, and the Western TNA (Wang and Enfield, 2001). The AWP reaches its maximum extension in the boreal summer (Wang and Enfield, 2001) and affects rainfall variability in the Western Hemisphere (Wang et al., 2006). A relationship with the tropical Atlantic SST is evident, because large (small) AWPs are associated with warm (cold) SST anomalies in the TNA. This anomalous pattern induces a low-level moisture flux convergence (divergence) and an anomalous ascending (descending) motion, enhancing (inhibiting) local precipitation. The intensification (reduction) of precipitation leads to negative (positive) “evaporation minus precipitation” (E − P) budget, and to anomalies in sea surface salinity across the pool. In this way, the atmospheric moisture transport from the Atlantic to the Pacific basin plays an important role in regulating North Atlantic salinity, and thus the strength of the thermohaline circulation (Richter and Xie, 2010).

The AWP tends to weaken the summertime North Atlantic Subtropical High (NASH), particularly at its south-western edge, which in turn weakens the easterly Caribbean Low Level Jet (CLLJ). The westward CLLJ's moisture transport has a semi-annual cycle: two maxima during the summer and winter, and two minima in the spring and fall (Wang and Lee, 2007). In addition to increasing the Caribbean precipitation (Martin and Schumacher, 2011), the weakening of the CLLJ associated with the AWP-induced changes in the upper-level winds also reduces the tropospheric vertical wind shear over the AWP region, and favors the development of hurricanes during August–October (Wang et al., 2007).

The AWP's warming on inter-annual time scales is associated with an anomalous tripolar SST pattern in the north Atlantic, and leads to more rainfall in the central and eastern United States (Liu et al., 2015). Additionally, the (E − P) anomalies in the AWP are also influenced remotely by the climatic variability modes of the El Niño-Southern Oscillation (ENSO) and of the North Atlantic Oscillation (NAO), as well as by anomalous conditions in the Tropical South Atlantic (TSA) (Liu et al., 2012; Zhang and Wang, 2012). Stephenson et al. (2014) verified some influence of the North Atlantic Ocean through the Atlantic Multi-decadal Oscillation (AMO) on Caribbean precipitation during boreal summer. Sea breezes in north-western Florida can be affected by changes in the size of the AWP: during years characterized by large AWP extensions, the NASH becomes weaker and moves further eastwards. At the same time, a large part of southeast North America including Florida is affected by relatively strong anomalous low-level northerly flow and large-scale subsidence, which suppress diurnal convection over the coast of the Florida panhandle (Misra et al., 2011).

Evidence for the importance of the AWP in modulating the climate system is also provided by studies of past and future conditions. For instance, reconstructed paleoclimatic data indicate that the persistence of the AWP during summer is responsible for increased precipitation and temperature detected in Florida during Heinrich events (Donders et al., 2011). Boer et al. (2011) suggest that the AWP may have played a key role in the glacial climate, by acting as a gatekeeper to regulate atmospheric moisture transport from the Atlantic across the Central American isthmus toward the Pacific. They also indicate that a decrease in the area of the AWP may enhance the cross-isthmus moisture transport, whereas extratropical North Atlantic cooling and a larger AWP may decrease it. Additionally, the Intergovernmental Panel on Climate Change's (IPCC) simulations of future climate suggest that atmospheric moisture will increase globally, increasing the moisture transport by 0.25 Sverdrups from the Atlantic to the Pacific (Richter and Xie, 2010).

Focusing on the Atlantic subregion of the WHWP, the aim of the present work is to analyse the role of the AWP as a source of moisture during its development, and to investigate the interannual variability of moisture transport across the region during the period 1982–1999 associated with changes in the warm pool's areal extension and with the ENSO.

Materials and Methods

Our method is based on the Lagrangian FLEXPART model developed by Stohl and James (2004, 2005) to calculate the variability of moisture along tracks of air particles and to identify regions where they gain and loss moisture. The methodology proposed here has been successfully applied to study moisture transport on the American continent in South America (Drumond et al., 2008) and Central America (Durán-Quesada et al., 2010), as well as other regions of the world (e.g., Gimeno et al., 2010).

In this approach, the atmosphere is divided into N evenly distributed “particles” or “parcels”, and their advection is described by the expression:
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where x is the position of the parcel and v [x(t)] is the wind speed, interpolated in space and time, of the corresponding analysis grid. The gain (through evaporation from the environment, e) or loss (through precipitation, p) of specific humidity (q) by each parcel is calculated using the formula:
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The value of mass (m) is constant for every parcel. Integrating the (e − p) values of all parcels in a vertical column of unit horizontal area over the depth of the atmosphere gives (E − P), where E represents the evaporation and P the precipitation per unit area. Regions where (E − P) < 0 indicate moisture loss, so that precipitation exceeds evaporation in those areas, and the opposite is true where (E − P) > 0. The air parcel trajectories can be integrated backwards or forwards in time.

The AWP's extent was defined for every month from 1982 to 1999 and the area was computed at a monthly scale by applying the 28.5 isotherm definition proposed by Wang and Enfield (2001, 2003) to the SST dataset.

The Lagrangian data used in this work were obtained from a FLEXPART experiment run on a global domain, in which the atmosphere was divided in 1.9 million uniformly distributed particles. The model was fed by the ERA-40 reanalysis data set (Uppala et al., 2005) available at 6 h intervals (00, 06, 12, and 18 UTC) at a resolution of 1° × 1° in 60 vertical levels, from 0.1 to 1000 hPa, with approximately 14 model levels below 1500 m, and 23 between 1500 and 5000 m. FLEXPART needs five three-dimensional fields: horizontal and vertical wind components, temperature, and specific humidity in the ECMWF vertical hybrid coordinate system. The model also needs the two-dimensional fields: surface pressure, total cloud cover, 10 m horizontal wind components, 2 m temperature and dew point temperature, large scale and convective precipitation, sensible heat flux, east/west and north/south surface stress, topography, land-sea-mask, and subgrid standard deviation of topography.

Because we want to investigate the role of the AWP as a moisture source, we analyse the forward trajectories. We tracked the movement of parcels leaving the area of the AWP for 10 days forwards in time, which is the average residence time of water vapor in the atmosphere (Numaguti, 1999). The climatology covered the months from May to October for the years 1982–1999. We used data from the Global Precipitation Climatology Project (GPCP) (Adler et al., 2003) with a horizontal resolution of 2.5°, and the NOAA Optimum Interpolation SST V2 data (Reynolds et al., 2002) at a horizontal resolution of 1°. Both monthly data sets were provided by the NOAA/OAR/ESRL PSD via their website (http://www.esrl.noaa.gov/psd/). The vertical integral (over all levels available at ECMWF) of eastward and northward water vapor flux components were also obtained from the ERA-40 data with resolution of 1°, and they were used to compute the divergence of moisture flux.

ENSO events were obtained using the Oceanic Niño Index (ONI) from the NOAA Climate Prediction Center (www.cpc.noaa.gov/products/analysis_monitoring/ensostuff/ensoyears.shtml). The ONI has become the standard that NOAA uses for identifying El Niño and La Niña events in the tropical Pacific for the Niño 3.4 region (5°N–5°S, 120°W–170°W). The index values were calculated as the 3-month running mean of Extended Reconstructed Sea Surface Temperature (ERSST) v3b SST anomalies (Smith et al., 2008) in the Niño 3.4 region, and the ONI is based on climatology for the period 1981–2010. Extreme ENSO episodes occur when the threshold of ±0.5°C for the ONI is exceeded on a minimum of five consecutive overlapping seasons. To select an ENSO episode, we considered those periods when the threshold was exceeded a minimum of five consecutive times between June in year 0 and May in year 1 (defining an ENSO cycle). Five El Niño episodes (1982/83, 1986/87, 1987/88, 1991/92, 1994/95) and six La Niña events (1984/85, 1988/89, 1995/96, 1998/99, 1999/00) were selected for analysis. Our analyses of composites refer to anomalous patterns during the development stage of an ENSO cycle, before the winter's peak.

Analysis of the composite differences was carried out using a qualitative comparison of the results. The availability of a short period of data (18 years) limits both the selection of episodes (each composite contains around five cases) and the application of any statistical evaluation. The scope of our study is therefore to provide an overview of the regional climate characteristics of the AWP and to suggest how variability of the moisture transport from this source is associated with changes in its area and with the ENSO. Nevertheless, we argue that a longer period of data would be necessary to increase the number of elements in the composites, which is crucial for a more meaningful statistical evaluation of the results.

Results and Discussion

Figure 1 shows the mean climatological fields for May of (a) (E − P) < 0 (sinks of moisture), (b) the number of months for which SST values are above 28.5°C (‘SST frequency’), (c) rainfall, and (d) VIMF and its divergence. The (E − P) results indicate the presence of moisture sinks over the Pacific coast of Central America. It is interesting to note the low contribution of transported moisture to the precipitation over North America. This pattern may be explained by the presence of high moisture flux divergence values over the Gulf of Mexico and the west coast of North America, which inhibit precipitation over the area. It is known that the Caribbean rainy season is during the months May-November, in the boreal summer (Gouirand et al., 2014). Nevertheless, it is important to take into account that precipitation in North America is derived not only from large scale transport, but also from tropical cyclones during summer (Larson et al., 2005) and from cold surges (which are particularly important for the Gulf of Mexico) (Colle and Mass, 1995). Because the methodology proposed here focuses on identifying the precipitation generated by large-scale moisture transport, the (E − P) and precipitation fields do not necessarily have to agree if the rainfall is produced through other mechanisms. The SST frequencies for May illustrate the positioning of the AWP restricted by the south of Cuba and the Central American coast. According to Mestas et al. (2005), the Intra-American Sea (IAS) may be considered a moisture source in which the moisture surplus is exported mainly to the west and north. A joint analysis of the maxima in the precipitation and in the convergence of the VIMF provides a rough estimate of the positioning of the Inter-tropical Convergence Zone (ITCZ) (Žagar et al., 2011), and (E − P) suggests some moisture contribution from the AWP toward the eastern Pacific ITCZ region.
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FIGURE 1. Top left: Mean value of the (E − P) field, forward integrated over a 10 day period from the AWP source defined for every May from 1982 to 1999. Only negative values of (E − P) are shown, in order to emphasize the sink regions. Top right: Absolute frequency of monthly SST above the threshold 28.5°C. Bottom left: Precipitation rate. Bottom left: Vertically integrated moisture flux (VIMF) and its divergence. Units of (E − P) and precipitation rate are mm d−1, units of SST frequency are number of months, vectors of moisture flux are in kg m−1 s−1, and units of contours of divergence of moisture are mm yr−1.



In June (Figure 2), the SST frequency field shows that the AWP has expanded to cover the whole Gulf of Mexico and the Caribbean Sea. The (E − P) field shows the moisture contribution toward a region covering a small area in the Pacific, as well as central-eastern North America and the Western Atlantic, agreeing qualitatively with the observed precipitation patterns. Anomalies in (E − P) are mainly balanced by the change in moisture flux divergence at time scales of a month and longer, while the contribution from transient eddies occurs at on a much shorter time scale (Wang et al., 2013). Chan et al. (2011) reported the importance of the Lesser Antilles in modulating regional atmospheric circulation, and the impact of AWP variations on the islands' climate. During June the moisture flux penetrates into south-eastern North America associated with the Great Plains Low Level Jet (GPLLJ). The GPLLJ is a mechanism which transports moisture from the IAS to the North American continent during summer, and enhances precipitation over the central United States (Ropelewski and Yarosh, 1998).
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FIGURE 2. As Figure 1, for June.



During July (Figure 3), the region with higher SST frequencies covered the northern Gulf of Mexico and the seas around Cuba, including near La Española. In August (Figure 4) it expanded toward the Gulf of Mexico and part of the Caribbean Sea. During these months the moisture contribution to south-eastern North America increased strongly, while weakening to the sink regions over the Caribbean. In August the sinks expanded over south-eastern North America, Central America, and the Atlantic and Pacific oceans between approximately 3° and 6°N, coinciding with the region where the ITCZ develops (Žagar et al., 2011). The moisture contribution from the AWP also reached Western Europe during these months. The sink areas coincided with moisture flow convergence regions. A qualitative comparison between (E − P) and patterns of precipitation rate can be used to help to assess the results, suggesting that moisture from the AWP contributed to precipitation in these areas.
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FIGURE 3. As Figure 1, for July.
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FIGURE 4. As Figure 1, for August.



In September (Figure 5) the AWP reached the central Atlantic, and in October (Figure 6) it reached the western coast of Africa and extended southwards. The temporal evolution of the AWP matches the previous results of Wang and Enfield (2001) and Drumond et al. (2011). In September, the moisture sink regions appear to cover a larger area than in previous months, and according to Table 1 this is also the month when the extent of the AWP reaches its maximum. In September and October the size of the moisture sinks increased over central and south-eastern North America, and over the Atlantic and Pacific ITCZ regions. A visual analysis indicates that zones of precipitation in both months increased significantly in size over these regions. Areas of moisture flux divergence weakened and were displaced eastwards over the tropical Atlantic during September, and in October they appeared over the Gulf of Mexico and the east coast of North America.
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FIGURE 5. As Figure 1, for September.
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FIGURE 6. As Figure 1, for October.



Table 1. Climatological monthly average area of AWP (× 1012 m2) for 1982–1999.
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 Drumond et al. (2011) used only a five year period (2000–2004) and considered the whole WHWP to explain an (E − P) pattern extending further westwards into the Pacific. Our separate analysis of the AWP shows that it provides moisture to the Pacific, Central and North America, and tropical and North Atlantic, confirming the interhemispheric influence of moisture transport from the AWP (Wang et al., 2009).

(E − P) during Times of Largest and Smallest AWP Area

Table 1 shows the values of the monthly climatological AWP area during the extended summer season. The minimum area of 0.5 × 1012 m2 occurs in May, and it reaches its maximum in September with a value of about 13.6 × 1012 m2. Figure 7 shows the monthly evolution of the AWP area during the period of interest, 1982–1999. The area was at a maximum during August and September 1998, with values up to 21.6 × 1012 m2, while the minima occurred during May 1984, 1986, and 1992. It is important to note that there are some years for which the AWP area was a local maximum or minimum in almost all months. For example, in 1984, 1986 and 1992, for at least 5 of the 6 months analyzed, the area of the AWP was less than during the same month in the years before and after: in Table 2, these years are shaded gray, green and blue, respectively. By contrast, in 1987, 1995, 1997 and 1998, the AWP was larger than in the same months in the years before and after: these years are marked in Table 3. Tables 2, 3 show the five years that contain the smallest and largest AWP areas for each month respectively. The monthly differences in moisture sink patterns for the composite of the highest and lowest AWP areas (Figure 8) shows the impact of AWP extension on moisture transport. During May and June, negative values of (E − P) (blueish colors) prevailed over Central America, the Pacific ITCZ region, and southern North America, suggesting that the moisture contribution of the AWP increases when the AWP is at its largest. The moisture contribution to the climatological sinks during these periods is also enhanced during the other months, except for parts of south-eastern and central North America during July–August and September–October, respectively. The main reason is that an anomalously large (small) AWP weakens (strengthens) the southerly GPLLJ, which reduces (enhances) northward moisture transport from the Gulf of Mexico and thereby decreases (increases) summer rainfall over central North America (Wang et al., 2008). The direct relationship between larger AWPs and warmer North Atlantic temperatures from August to October described by Wang et al. (2006) is also associated with increased rainfall over the Caribbean, Mexico, eastern subtropical Atlantic, and the southeast Pacific, and decreased rainfall in northwest North America and eastern South America. In the warm season, warmer TNA conditions induce a local increase in atmospheric convection and a reduction of precipitation over western North America (Kushnir et al., 2010). From July to October there is an enhanced moisture contribution from the AWP to Western Europe during years when the AWP is larger than average.
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FIGURE 7. Annual time series of AWP area, 1982–1999.



Table 2. Years of smallest AWP area for 1982–1999.
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Table 3. Years of highest AWP area for 1982–1999.
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FIGURE 8. Monthly composite differences of moisture sinks (only E − P < 0 values) between years with the largest and smallest AWP areas during the period 1982–1999 (Tables 2, 3, respectively). Units are mm d−1.



The Monthly Influence of the Evolution of the ENSO Cycle

The ENSO is the most powerful coupled ocean-atmosphere mode on the planet (Trenberth and Caron, 2000; Trenberth and Stepaniak, 2001). It originates in the Pacific Ocean where the major environmental changes occur; however, its influence extends to the whole climatic system, with effects detected in precipitation patterns, SST, pressure, wind, and specific humidity among others (e.g., Peixoto and Oort, 1992; Giannini et al., 2001; Moron and Plaut, 2003; Wagner et al., 2005).

The direct effect of the size of the AWP's area on moisture transport was described in the previous section. In this section, we examine the effect of ENSO phase on the variability of moisture transport from the AWP. Wang et al. (2006) found that about two-thirds of the overall variability of warm pool size in the summer following a winter with a peak ENSO event appears to be unrelated to the ENSO. On the other hand, during the summer a strong (weak) easterly CLLJ is associated with warm (cold) SST anomalies in the tropical Pacific (Wang, 2007). Wang (2001) reported that ENSO can affect the TNA through the Walker and Hadley circulations, favoring the TNA warming in the subsequent spring of the El Niño year. According to the methodology explained in the Section Materials and Methods, five El Niño episodes (1982/83, 1986/87, 1987/88, 1991/92, 1994/95) and six La Niña events (1984/85, 1988/89, 1995/96, 1998/99, 1999/00) were selected during the period 1982–1999.

The variations in the AWP's moisture contribution during ENSO warm phases (El Niño) and cool phases (La Niña) were analyzed by subtracting sink patterns of composites of El Niño and La Niña episodes observed during the period of interest (Figure 9). In contrast to Wang et al. (2006), the composites in this work refer to the extended summer season preceding a mature ENSO phase, because we want to check whether the development of an extreme ENSO episode is associated with anomalies in the AWP region. Accordingly, in Figure 9 the reddish (blueish) colors indicate enhanced sinks for moisture transported from the AWP during La Niña (El Niño) events. During May and June, it seems that the moisture contribution to areas surrounding the AWP is higher during La Niña episodes. In July the bluish colors in parts of Central America, the Pacific, Atlantic, and central-eastern North America indicate enhanced moisture contribution during El Niño events. In August, September, and October the reddish colors over the Caribbean and TNA suggest that moisture sinks are intensified over these regions during la Niña events. Giannini et al. (2001) verified that Caribbean rainfall may be affected by extreme ENSO conditions, and indicated that dry conditions prevail over the Caribbean during the development stage of an El Niño episode.
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FIGURE 9. Monthly composite differences of moisture sinks (only E − P < 0 values) between El Niño and La Niña events for 1982–1999. Units are mm d−1.



Conclusions

The FLEXPART model allows air parcels, and the water vapor they contain, to be tracked for up to 10 days after they leave the area of the AWP. Visual analysis of (E − P) suggests that May and September are the months presenting the smallest and largest sink regions respectively, which agrees with the variations in the AWP's measured area. Higher moisture contributions to continental precipitation occur from June onwards, with sink regions mainly over Colombia, Central America, México, and the eastern United States and Canada. From July to October the sinks expand toward Western Europe, probably associated with flow conditioned by the North Atlantic Subtropical High. Although the contribution of moisture to the Pacific ITCZ region is lower than the results obtained by Drumond et al. (2011) for all WHWP extension, there is some moisture transport from the AWP toward the Pacific.

In respect of the climatological positioning of the AWP and its interannual variability, the pool is limited to the coast of Central America in May and expands toward the east and south covering the whole Caribbean in the months that follow, reaching the west coast of Africa in October. The number of months with SST above 28.5°C indicates the Gulf of Mexico and the Caribbean Sea surrounding Cuba as the most constant location of the AWP.

The composite analysis suggests that the largest warm pools found during the 18 year dataset accounted for most of the increased contribution of humidity to the climatological sinks. Differences between El Niño and La Niña suggest that during La Niña events the moisture loss increases in the Caribbean and TNA regions, particularly from August to October. It is important to stress that analysis of the composite differences was carried out using a qualitative comparison of the results. The availability of a short period of data limits both the selection of more episodes and the application of any significant statistical evaluation.

Although the present work analyzes the variations of the moisture contribution from the AWP during the development stage of the extreme ENSO episodes, a more detailed analysis on the links (including dynamical mechanisms) between ENSO and the WHWP is necessary and it will be considered in further studies. It was noted that the moisture transport within the region is not only dominated by the Atlantic component of the warm pool, but also by the Pacific one, which will be the focus of a future subsequent paper.
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Moisture flux and rainfall anomalies over southern Africa that have occurred during strong warm SST events off the coast of Angola since 1950 are considered. These events typically occur during February-April (FMA), the main rainy season for Angola/northern Namibia. Eleven of these events have occurred in this 60 year period and each experiences increased rainfall somewhere in coastal Angola, and in 10 cases, somewhere in northern Namibia. Attention is focussed on the five events with the largest and most widespread positive rainfall anomalies over Africa south of 10°S; namely, 1963, 1986, 2001, 2006, 2011. All of these five events experienced increased moisture flux from the western tropical Indian Ocean, warm SST anomalies also in the south west Indian Ocean, and most also showed increased westerly moisture flux from the tropical south east Atlantic. The events also showed strong weakening of the mid-level anticyclonic conditions that occur over southern Africa during summer. This factor together with the distribution of anomalous uplift through the middle/upper troposphere appeared to match the areas of increased rainfall better than the areas of low level moisture convergence. Reported experiments with an atmospheric GCM forced with idealizations of the observed SST anomalies show rainfall anomalies consistent with the observed patterns.
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Introduction

Most of southern Africa is an austral summer rainfall region. This summer precipitation is associated with three major oceanic sources of moisture; traditionally the tropical western Indian Ocean has been thought to be the most important with the subtropical southwest Indian Ocean also being a substantial contributor of moisture for rain over the subtropical regions (e.g., D'Abreton and Lindesay, 1993). The third source is the South Atlantic basin but, historically, not much work has been done on its influences on southern African climate (Reason et al., 2006). However, Hirst and Hastenrath (1983) drew attention to the existence of warm events in the tropical South East Atlantic and rainfall over Angola and Namibia. These rainfall linkages were further explored by Rouault et al. (2003) while Vigaud et al. (2007) highlighted the importance of tropical Atlantic moisture flux for Congo Basin rainfall. South Atlantic moisture flux anomalies associated with SST dipole events in the midlatitudes (Fauchereau et al., 2003; Hermes and Reason, 2005) may also contribute to summer rainfall over subtropical southern Africa (Vigaud et al., 2009).

A warm pool (SST 26–29°C) develops in the tropical South East Atlantic Ocean, off the central and northern coast of Angola and north of the Angola Benguela Frontal Zone (ABFZ), during the austral summer and lasts until at least April. As the trade winds north of the ABFZ relax after spring and through summer, latent heat fluxes and upper ocean mixing reduce in this region, leading to the development of warm SSTs here (Reason et al., 2006; Rouault et al., 2007, 2009). Within the equatorial wave guide which includes the northern part of the warm pool, this seasonal relaxation of the easterly winds reduces the zonal pressure gradient, flattens the thermocline and leads to warming across the equatorial Atlantic (Philander and Pacanowski, 1986). Moisture emanating from the warm pool region is a secondary source for the summer rainfall region (Reason et al., 2006), but can make larger contributions during some summer wet spells (e.g., Cook et al., 2004). This tropical South East Atlantic moisture flux also feeds into the Angola low, a heat low that exists over northern Namibia / southern Angola during the summer half of the year, and which acts as the source region for the main synoptic summer rainfall producing system over subtropical southern Africa, the tropical temperate trough or tropical extra-tropical cloud band (Harrison, 1984; Hart et al., 2010).

Figure 1 shows schematically the locations of the Angola low, the cloudbands and the low level tropical convergence zones over southern Africa in the austral summer as well as the ABFZ which separates the warm tropical Angolan Current waters from the northern Benguela Current upwelling system off the coast of northern Namibia. Also apparent in Figure 1 is the narrow peninsula-like distribution of the southern African landmass and its termination in the subtropics in mid-ocean. It is this geography that enables the South Atlantic and Indian Oceans to play a very strong role in its climate.
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FIGURE 1. Schematic showing the main circulation features important for southern African rainfall during summer (Angola low denoted L, subtropical anticyclones, tropical convergence zones denoted as magenta dotted lines, cloud bands), unique regional oceanic features (Angola Benguela Frontal Zone denoted ABFZ, Agulhas Current and retroflection region, Seychelles-Chagos Thermocline Ridge denoted SCTR) and their climate impacts (Meridional Overturning Circulation denoted MOC, cut-off low induced flooding denoted COLs, tropical cyclones denoted TC, Madden Julian Oscillations denoted MJO, Benguela Niño induced floods denoted BNino).



In addition to the ABFZ, there are two other rather unique regional ocean features that strongly impact on southern African weather and climate. These are the Agulhas Current and its retroflection which sheds rings of warm, salty water into the South East Atlantic and the Seychelles Chagos Thermocline Ridge (SCTR) northeast of Madagascar. The Agulhas retroflection region has been implicated in many of southern South Africa's flooding disasters through moisture-laden low level wind jets impacting on the coastal mountains during severe cut-off low events (Singleton and Reason, 2007). SST anomalies here and in the South Atlantic regions west and southwest of South Africa also impact on winter rainfall over southwestern South Africa (Reason and Jagadheesha, 2005). While not an Atlantic feature, for completeness, it is mentioned that the SCTR is important for tropical cyclones, MJO activity and rainfall in the South West Indian Ocean / southeastern African region.

On the seasonally averaged scale, Figure 2 (derived from NCEP re-analyses, Kalnay et al., 1996) shows the 850 hPa level late summer (February to April) moisture flux and its convergence over the southern African region. This figure implies that the South Atlantic is less important than the South Indian Ocean for rainfall over the landmass. Note that the 850 hPa level is just above the height of the interior plateau that exists over much of southern Africa. Over this landmass, the cyclonic circulation and strong convergence over tropical southwestern Africa marks the Angola Low and its connection to the meridional arm of the Inter-tropical Convergence Zone (ITCZ) through the eastern Congo Basin, schematically shown in Figure 1. Further east in the southern Mozambique Channel, there is another cyclonic area of low level moisture convergence which may also act as a source region for cloud bands. Moisture flux from the subtropical South West Indian Ocean feeds into this feature and over subtropical southeastern Africa. This cyclonic feature is associated with the adjustment of the easterly trade winds to the Madagascan topography. Relative divergence and anticyclonic flow occurs over most of South Africa and southern Botswana / southern Zimbabwe, some of this due to the adjustment of the flow to the high lying areas over eastern South Africa. Northeast of Madagascar and stretching across the tropical South Indian Ocean is the low level convergence associated with the ITCZ. Another area of moisture convergence, fed by the northeast monsoonal flow from the tropical western Indian Ocean and a weaker westerly flow from the tropical South East Atlantic/Congo Basin, is apparent over equatorial East Africa, just to the south of Lake Victoria.
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FIGURE 2. Climatological moisture flux and divergence for February–April at the 850 hPa level computed from NCEP re-analyses for 1980–2010. A scale moisture flux vector is given.



On this seasonal scale, it is apparent that most of the low level moisture flux over southern Africa emanates from the western Indian Ocean with the tropical South East Atlantic Ocean playing rather a minor role since the anticyclonic circulation of the South Atlantic High essentially exports moisture away from the landmass. However, on synoptic and intraseasonal scales, as well as on seasonal scales during certain years, moisture from the South Atlantic plays an important role (Cook et al., 2004; Vigaud et al., 2007, 2009; Hart et al., 2010). It is the latter case that is the main focus in this study; namely, late summer (February-April) warm events over the tropical South East Atlantic Ocean and their associated rainfall and moisture flux anomalies.

An association between SST anomalies off the Angolan / Namibian coast during austral summer and rainfall over the adjacent land has been known for some time (Hirst and Hastenrath, 1983). However, in recent decades, most attention has focussed on the warm events, called Benguela Niños (Shannon et al., 1986; Florenchie et al., 2003, 2004) for strong cases where they tend to be caused by wind anomalies in the equatorial Atlantic and subsequent Kelvin wave adjustment. These Benguela Niños are typically thought to be associated with above average rainfall in austral summer over western Angola and northwestern Namibia (Rouault et al., 2003). These authors examined four events (1984, 1986, 1995, 2001) and found that while there was evidence of increased rainfall along the coast, the magnitude of the rainfall anomalies varied markedly, and in some cases, there were also substantial anomalies over large inland areas. The suggested mechanism for the increased rainfall was increased evaporation off the warm SST anomaly and re-circulation of the regional moisture flux transport (mainly from the western Indian Ocean) over the tropical South East Atlantic leading to local moisture flux convergence over the coastal region.

A strong warm event also occurred in 2011 together with devastating floods in Namibia and Angola which displaced several hundred thousand people. During this period, the ephemeral Kuiseb River was able to flow as far as the Namibian coast near Walvis Bay for the first time since 1963. Thus, one of the aims here is to document the rainfall and SST anomalies during the very strong 2011 warm event and compare these to other recent warm events. The circulation anomalies associated with the strong warm events with large and widespread rainfall anomalies (five events) are then analyzed to better understand the rainfall patterns.

Data and Methodology

Extended re-constructed SST (ERSST) V3b data (Smith and Reynolds, 2004) are used to assess anomalies in the tropical South East Atlantic Ocean of interest here. Warm events are defined as those showing February-April (FMA) SST standardized anomalies about or greater than one standard deviation in a box off Angola (8–15°E, 10–20°S), the so-called ABA index (Rouault et al., 2009). Using this definition, strong warm events occurred in 1959, 1963, 1965, 1984, 1986, 1995, 1998, 1999, 2001, 2006, 2011—Table 1.

Table 1. Indices for tropical South East Atlantic warm events (ABA), and the subtropical South Indian Ocean dipole (°C) for the FMA season.
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The FMA season is chosen since it is when Angola / northwest Namibia receive much of their annual rain and it corresponds to the time of maximum SST off their coasts. Global Precipitation Climatology Centre (GPCC) gridded data (Schneider et al., 2008) are used to assess rainfall anomalies because station data for some large areas in southern Africa, especially Angola, were not available to us. For the purposes of this study, southern Africa is defined as Africa south of 10°S. NCEP re-analyses (Kalnay et al., 1996) are used to compute moisture fluxes and atmospheric circulation anomalies. Unless otherwise stated, climatologies are constructing use a base period of 1980–2010.

Rainfall Anomalies

Figure 3 which shows the standardized rainfall anomalies for all warm events since 1950 suggests that the events with the strongest and most widespread positive rainfall anomalies over southern Africa are 1963, 1986, 2001, 2006, and 2011. Although for completeness Figure 1 plots data to the equator, in this study southern Africa is considered to be Africa south of 10°S. Consistent with earlier work (e.g., Hirst and Hastenrath, 1983; Rouault et al., 2003), there are positive rainfall anomalies somewhere in coastal Angola in each event and somewhere in northern Namibia for 10 of the 11 events. In terms of Angola, the most consistent region of increased rainfall is the south, particularly the southwest, although the positive anomalies are weak for the 1984, 1998, and 1999 events. These three events are also accompanied by large areas of drier conditions over southern Africa. Thus, although it is generally accepted in the literature that the strong warm events are associated with large positive FMA rainfall anomalies in Angola and Namibia, Figure 3 indicates that there is substantial variation in the magnitude and spatial extent of the rainfall anomalies. For the remainder of this study, attention is focused on the five events with largest and most widespread rainfall anomalies over Africa south of 10°S; namely, 1963, 1986, 2001, 2006, and 2011.
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FIGURE 3. FMA rainfall anomalies (contour interval 10 mm) occurring during all warm SST events since 1950 using GPCC data (A) 1959, (B) 1963, (C) 1965, (D) 1984, (E) 1986, (F) 1995, (G) 1998, (H) 1999, (I) 2001, (J) 2006, and (K) 2011.



Evolution of SST Anomalies

In addition to the tropical South East Atlantic, there is evidence that SST anomalies in the South West Indian Ocean can influence southern African summer rainfall (e.g., Reason and Mulenga, 1999; Behera and Yamagata, 2001; Reason, 2001). Figure 4 therefore plots the regional SST anomaly for the 1963, 1986, 2001, 2006, and 2011 events which had the largest and most widespread rainfall anomalies. It is evident that, off Angola, the 2011 case has the strongest FMA SST expression and that the first two events are weaker than the more recent three. A Hovmoller analysis of SST in the coastal South Atlantic along 10°E (Figure 5) for these five events confirms that 2011 was the strongest event, it also began earlier than the other cases and had peak SST anomaly in JFM rather than FMA. In the 1963 case, the FMA anomaly is relatively weak but then grows to become one of the strongest in winter. SST anomalies off Angola can last well into the winter (2001, 2006), or almost die away by April before re-generating in May (1963), and can occur before (2006) or after (1986) warming in the lower latitudes. Note that strong warm events further west in the equatorial zone in the central eastern Atlantic are known as Atlantic Niños and typically occur in austral winter (e.g., Chang et al., 2006).
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FIGURE 4. Regional SST anomalies during the 5 strong events (A) 1963, (B) 1986, (C) 2001, (D) 2006, (E) 2011. Contour interval is 0.2°C. The ABA box used to define the Benguela Niño events is shown in A).
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FIGURE 5. Hovmoller plot of SST anomaly (°C) along 10°E from 30°S to 3°N for the five strong events (A) 1963, (B) 1986, (C) 2001, (D) 2006, (E) 2011 from October of the preceding year to October of the event year.



A common feature to all the events except 1963 in Figure 4 is the presence of warm SST anomalies in the South West Indian Ocean. This event is also the only one that occurred prior to the 1976–1977 climate shift in the Pacific Ocean which may also have impacted on southern Africa and the South Indian Ocean (Miller et al., 1994; Baines and Folland, 2007; Manatsa et al., 2012). Based on observational analyses and experiments with an atmospheric GCM, Reason and Mulenga (1999) showed that warm SST anomalies in the South West Indian Ocean are associated with increased summer rainfall over southern Africa. There are also some similarities between the SST anomaly patterns in the South Indian Ocean in Figure 4 with the South Indian Ocean subtropical dipole, a climate mode peaking in intensity during JFM, and which is in its positive phase when there are warm SST anomalies in the southwest and cool SST anomalies off Western Australia (Behera and Yamagata, 2001). In this phase, increased summer rainfall also typically occurs over southern Africa (Behera and Yamagata, 2001; Reason, 2001, 2002) due to increased low level moisture flux from the western Indian Ocean toward southern Africa. Using the subtropical dipole index defined as the difference in SST anomaly between a western box (55–65°E, 37–27°S) and an eastern box (90–100°E, 28–18°S), Table 1 shows that 1986, 2001, 2006, and 2011 correspond to a positive dipole with only 1963 of the five being a negative dipole event. All these five events are either neutral with respect to El Niño or occurred during La Niña. Table 1 also shows that five of the other six events not considered in detail here correspond to negative South Indian Ocean dipole SST anomalies, confirmed in plots of the regional SST anomalies for these cases (not shown), and unfavorable for good summer rains.

Moisture Flux and Circulation Anomalies

Figure 6 shows the 850 hPa moisture flux anomalies for FMA 1963, 1986, 2001, 2006, and 2011. All cases show areas of increased moisture flux convergence over parts of Angola and Namibia, favorable for increased rainfall. The areas of increased (decreased) moisture flux convergence partially correspond to those of enhanced (reduced) rainfall in Figure 3. Relative to Figure 2, each case also shows increased moisture flux from the western tropical Indian Ocean or northern Mozambique Channel, although the anomalies are relatively weak for 1986. The moisture flux anomalies over the tropical Indian Ocean appear strongest in 1963 and extend across tropical southern Africa to the northern Angolan coast. On reaching the East African coast, some of the moisture flux turns northwestward and some southwestward, thereby opposing the mean flow and leading to relative convergence over the eastern landmass. A cyclonic anomaly exists over the tropical South East Atlantic, feeding moisture back into the Congo basin where it converges over eastern Zambia and southern Tanzania with that coming from the tropical Indian Ocean.
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FIGURE 6. FMA anomalies in moisture fluxes and divergence (contour interval 0.5 × 10−8 gkg−1 s−1) at the 850 hPa level for (A) 1963, (B) 1986, (C) 2001, (D) 2006, and (E) 2011. Areas of relative convergence are shaded and a scale vector in gkg−1 ms−1 is shown.



In the case of 2001, some of the western Indian Ocean moisture flux turns southward across Mozambique and the southern part of the Channel with the rest converging over central southern Africa with a westerly flux from the tropical South East Atlantic. Anomalies in the southern Mozambique Channel and subtropical South West Indian Ocean are weak except for 1963 and 2001 which have northerly to northwesterly anomaly that opposes the mean flow and hence lead to relative convergence over Mozambique. By contrast, there are southerly to southeasterly anomalies in the southern Mozambique Channel in 2011, thereby augmenting the mean flow in places and leading to relative divergence over central and northern Mozambique and reduced rainfall there.

In addition to 2001, there is also a westerly flux from the tropical South East Atlantic in 1986 and 2006, although relatively weak in these two seasons. The situation in 2011 is more complex as easterly flux across the southern Congo and Angola then partially recirculates over northern Namibia and the coastal South East Atlantic Ocean and back toward central Namibia. In general however, the common important feature in each case is the enhanced flux toward the eastern landmass from the tropical western Indian Ocean/northern Mozambique Channel. This enhanced moisture flux is weakest in 1986, the event with the smallest spatial extent and magnitude of increased rainfall over southern Africa.

Low level moisture convergence is one factor needed for rainfall production, and Figure 2 suggests that, on seasonal scales, the Angola low, the southern Mozambique Channel region, and the areas near Lakes Victoria and Tanganyika, are where large values occur. However, another factor needed for substantial rainfall, particularly deep convection and the development of thunderstorms, is strong uplift through the troposphere. On average, anticyclonic conditions typically exist at 700 hPa and up through the middle troposphere over much of South Africa, Namibia, Botswana and southern Angola during the summer. This mid-level anticyclone, known as the Botswana High, caps the shallow heat lows (including the Angola Low) that are present in the summer half of the year over the western regions of subtropical southern Africa. Thus, in order for deep convection and associated rainfall to occur, these mid-level anticyclonic conditions need to break down or be shifted away from the landmass.

Figure 7 shows anomalies in 500 hPa geopotential height with each case showing negative anomalies over most of subtropical southern Africa and hence a weakening in the mean anticyclonicity. This level was chosen as representative of mid-level tropospheric conditions in this region that receives most of its summer rainfall through deep convection as thunderstorms (either isolated or organized systems). The patterns that are most favorable for convective rainfall are ones where the negative anomalies over southern Angola/northern Namibia (the Angola low source region for the cloud bands) stretch southeastwards toward the South West Indian Ocean to allow a link up with a midlatitude frontal feature (needed for tropical-extratropical cloud band development) together with an anticyclonic feature near the Mozambique coast. The latter is important to assist in advecting more moisture from the western Indian Ocean toward the landmass. All cases show the NW-SE orientation of the cyclonic anomalies over subtropical southern Africa with 2001 and 2006 also showing a clear anticyclonic feature near Mozambique, suggesting that these two seasons might be expected to have the most widespread regions of increased rainfall, consistent with Figure 3. The cyclonic anomalies over southern Africa are particularly strong in 1963, helping to explain the relatively large and widespread rainfall anomalies that occurred in that summer despite the SST anomalies off Angola and the ABA index being relatively weak and the SST anomalies in the South West Indian Ocean and the SIOD index being negative (Figure 4, Table 1).
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FIGURE 7. FMA geopotential height anomalies at the 500 hPa level for (A) 1963, (B) 1986, (C) 2001, (D) 2006, and (E) 2011. Contour interval is 2 m.



The favorable atmospheric conditions in Figures 6–7 are further reinforced by the anomalies in omega (pressure tendency) at the 500 hPa level (Figure 8), indicating that there was relative uplift in the middle troposphere over most of the areas of increased rainfall in southern Africa implying favorable conditions for deep convection. Most of the areas of relative subsidence at this level correspond to ones of reduced rainfall in Figure 3. Both 1963 and 1986 show positive omega anomalies over Botswana, and parts of Namibia and South Africa consistent with mainly dry conditions there. These positive omega anomalies are largest and most widespread in 1986, consistent with this season showing weaker positive rainfall anomalies than the other four.
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FIGURE 8. FMA omega (pressure tendency) at the 500 hPa level for (A) 1963, (B) 1986, (C) 2001, (D) 2006, and (E) 2011. Contour interval is 0.005 Pas−1.



The rainfall anomaly patterns in Figure 3 for 1963 and 1986 are broadly consistent with those generated by the HadAM3 GCM when forced with an idealized SST anomaly in the tropical South East Atlantic Ocean superimposed upon observed global monthly mean SST forcing (Hansingo and Reason, 2009). The model produced the largest positive rainfall anomaly over the central and southern Angolan coast with weaker positive anomalies extending into northern Namibia and eastwards into the central landmass. When an idealization of the warm SST pole in the South West Indian Ocean is added to the forcing, as occurred in 2001, 2006, and 2011, the rainfall anomaly pattern quite closely resembles that in Figure 3 for those years. The magnitudes of the rainfall anomalies in the model over certain inland areas are larger than those for the runs with just the Atlantic SST anomaly forcing. Conversely, when the warm SST anomaly in the South West Indian Ocean is replaced by a cool SST anomaly there, the model rainfall anomalies are reduced. These model results from Hansingo and Reason (2009) reinforce those indicated by the observational analyses that increased rainfall can be associated with the South East Atlantic warm events, with the areas of positive rainfall anomalies being more widespread and larger in magnitude when there are also positive SST anomalies in the subtropical South West Indian Ocean.

Summary

Since 1950, eleven strong warm SST events in austral summer have occurred in the tropical South East Atlantic off the Angolan and northern Namibian coasts. Each is accompanied by increases in coastal Angolan rainfall, with 10 cases also showing areas of wetter conditions somewhere in northern Namibia. Emphasis here is focussed on the five wettest events showing largest and most widespread positive rainfall anomalies over Africa south of 10°S; namely, 1963, 1986, 2001, 2006, 2011. While most of these five events occurred in the last decade, the timing of the total set of eleven events is mainly concentrated around the late fifties to mid-sixties, the mid-eighties, and then the most recent 15 years. The most recent event analyzed, 2011, is of particular interest as the devastating floods in Namibia and Angola displaced several hundred thousand people and the ephemeral Kuiseb River was able to flow as far as the Namibian coast near Walvis Bay for the first time since 1963.

Most of the summer rainfall in Africa, south of 10°S, is brought about by tropical extra-tropical cloud bands that link a tropical low somewhere over the land to a westerly disturbance passing south of South Africa. Each of the five wettest events showed increased low level moisture flux from the western Indian Ocean together with relative convergence of this moisture somewhere over Angola with the secondary moisture source coming from the tropical South East Atlantic Ocean. Areas of increased (decreased) southern African rainfall in each event only partially correspond to the areas of enhanced (reduced) low level moisture flux.

Another factor needed for deep convection and heavy rainfall to develop in the cloud bands is strong uplift through the troposphere. Associated with this is a need for the seasonally present mid-level anticyclone over southern Africa, the Botswana High, to break down or shift away from the landmass. Each of the five wettest events shows mid-level cyclonic anomalies, favorable for cloud band development, as well as strong areas of negative pressure tendency throughout the mid-troposphere to about the 500 hPa level, favorable for deep convection, and which correspond to the areas of increased rainfall in each case.

Four of the five wettest events also show a warm anomaly in the South West Indian Ocean known to be favorable for increased summer rainfall (Reason and Mulenga, 1999; Behera and Yamagata, 2001; Reason, 2001). Previous experiments (Hansingo and Reason, 2009) with the HadAM3 AGCM forced with idealizations of the observed tropical South East Atlantic and South West Indian Ocean SST anomalies confirm that there is increased rainfall over Angola and further inland in the model when forced with just the Atlantic SST anomalies superimposed on climatology. These positive rainfall anomalies are increased over interior areas as well as eastern South Africa and southern Mozambique when the South West Indian Ocean SST anomalies are added to the forcing.

Taken together, the observational and model analyses confirm the importance of both the tropical south east Atlantic and the western Indian Oceans as moisture sources for southern African summer rainfall during these warm SST events off the coast of Angola and northern Namibia. They also highlight the complexity of interannual rainfall variability over southern Africa which is sensitive not only to Atlantic and Indian Ocean SST anomalies but also to ENSO.
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A paleoreconstruction of the length and intensity of the rainy season over western Africa has been recently proposed, using analysis of fossil mollusk shells from the Saloum delta region, in western Senegal. In order to evaluate the significance of local long-term reconstructions of precipitations from paleoclimate proxies, and to better characterize the spatial homogeneity of rainfall distribution in northern Africa, we analyze here the spatial representativeness of rainfall in this region, from seasonal to decadal timescales. The spatial coherence of winter episodic rainfall events is relatively low and limited to surrounding countries. On the other hand, the summer rainfall, associated with the West African Monsoon, shows extended spatial coherence. At seasonal timescales, local rainfall over the Saloum is significantly correlated with rainfall in the whole western half of the Sahel. At interannual and longer timescales, the spatial coherence extends as far as the Red Sea, covering the full Sahel region. This spatial coherence is mainly associated to the zonal extension of the Inter Tropical Convergence Zone (ITCZ). Coherently, summer rainfalls appear to be driven by Sea Surface Temperature (SST) anomalies mainly in the Pacific, the Indian Ocean, the Mediterranean basin, and the North Pacific. A more detailed analysis shows that consistency of the spatial rainfall coherence is reduced during the onset season of the West African Monsoon.

Keywords: variability, rainfall, coherence, Saloum, Sahel

Introduction

The Sahel region in Western Africa is a semi-arid area located at the southern boundary of the Sahara desert and covered by grassland, shrubs, and small, thorny trees. The term is often applied to the whole region extending some 5000 km across Africa from the Atlantic coast to the Red Sea and from the Sahara to the humid savanna at roughly 10°N. The Sahel is also sometimes defined as the area in which the mean daily rainfall is between 0.5 and 1.5 mm, or in terms of annual mean, between 200 and 600 mm (Figure 1). In this study, as we focus on the western African monsoon, we define “Sahel” between the latitudes of 12 and 18°N and extending eastward up to 20°E (Figure 1). It includes much of the countries of Mauritania, Senegal, Mali, Niger, Chad Burkina Faso, and Nigeria. The climate variability over the Sahel region, which hosts about 70 millions of people, and which surface is equivalent to Europe, has been extensively documented during the past decades. Much attention is paid in particular to the monsoon season, which lasts from May to October north of the equator because of its crucial impact on agriculture and public health. Many studies were in particular motivated by the dramatic shift that the West African Monsoon (WAM) has experienced from wetter conditions in the 1950s and 1960s to much drier ones from the 1970s to the 1990s (e.g., Hulme, 1992; Lamb and Peppler, 1992; Nicholson et al., 2000; Le Barbé et al., 2002; L'Hôte et al., 2002; Dai et al., 2004). This drying is one of the most significant droughts at the regional scale observed during the twentieth century at a global scale (e.g., African Monsoon and Multidisciplinary Analyses International Scientific Steering Committee, 2005). Substantial variations of precipitations also occur at much shorter time scales, from daily to intraseasonal, with equally important consequences for the local resources (e.g., Sultan et al., 2005; Berg et al., 2009; Marteau, 2011).


[image: image]

FIGURE 1. Annual mean of precipitation (shaded, mm/d) and surface wind (vector, m/s). The blue rectangle shows the Sahel region defined in the text and the small blue rectangle indicates the location of Saloum River Delta. The 0.2 and 1.5 mm/d isohyets are highlighted in gray contours.



The sub-seasonal, or intra-seasonal, rainfall variability during the summer monsoon season results from complex interactions between processes with various time and space scales (e.g., Diedhiou et al., 1999; Janicot et al., 2011). Intermittent regional modes have been identified, which represent an envelope modulating the occurrences of mesoscale convective systems (Laing and Fritsch, 1993, 1997; Hodges and Thorncroft, 1997; Mathon and Laurent, 2001). They are controlled on the one hand by internal atmospheric dynamics; in particular the development of synoptic scale African Easterly Waves (AEW; Reed et al., 1977; Duvel, 1990; Thorncroft and Hoskins, 1994a,b; Diedhiou et al., 1999; Kiladis et al., 2006) or synoptic scale Kelvin waves (Mounier et al., 2007). Monsoon flux and convection are significantly modulated by these waves (e.g., Fink and Reiner, 2003; Dieng et al., 2014).

At the seasonal time scale, West African climate is very sensitive to the continental surface boundary conditions (Charney and Shukla, 1981). Zheng and Eltahir (1998) document the impact of the vegetation distribution on West Africa Monsoon (WAM) system. In particular, they detail the impact of deforestation along the Guinean coast on surface net radiation and the reduction of boundary layer entropy, leading to weaker convection over the Sahel.

Although land surface processes might play a role also at even lower frequency, oceanic forcing is the dominant driver of the interannual to decadal WAM variability (Zeng et al., 1999; Biasutti et al., 2008). The El Niño–Southern Oscillation (ENSO) phenomenon (Janicot et al., 2001), the Atlantic Niño (Giannini et al., 2003) and the Mediterranean Sea (Rowell, 2003) have been identified to have an important impact on the WAM system and possibly on its predictability (Ward, 1998) on interannual time scales. Palmer (1986) suggested early a major influence of ENSO on Sahel precipitation. The teleconnection mechanism between the Tropical Pacific ocean and West Africa during warm ENSO events (El Niño) was explained with more details by Rowell (2001): the interaction of atmospheric equatorial Kelvin wave from the tropical Pacific with an off-equator Rossby wave (response to the zonal SST gradient between the East Indian Ocean and West Pacific) increases the large-scale subsidence over Africa. This weakens convective activity and thereby reduces the monsoon flow over West Africa. Nevertheless, this relationship is likely modulated by decadal variations of mean annual SSTs (Janicot et al., 2001).

More generally, at interannual to decadal time scale, several studies, including the pioneering works by Lamb (1978a,b) and Hastenrath (1984, 1990), and more recent modeling studies (e.g., Rowell et al., 1995; Vizy and Cook, 2002; Losada et al., 2010; Mohino et al., 2011) highlighted the influence of Sea Surface Temperature (SST) anomalies on precipitation variability over the Sahel. There is yet a debate on the location of the most important anomalies: Hoerling et al. (2006) attribute the drying of the 1980s to the interhemispheric gradient in the Atlantic Ocean, whereas Giannini et al. (2003) and Bader and Latif (2003) emphasize the role of the Indian Ocean. Other model studies indicated a relationship between changes in land-use and precipitation (Charney, 1975; Paeth et al., 2005, 2009; Abiodun et al., 2008; Davin and de Noblet-Ducoudré, 2010). In any case, knowledge of the interannual to decadal variability in the monsoon circulation is still quite limited (Afiesimama et al., 2006; Maloney and Shaman, 2008). The simulations of the fifth Coupled Model Intercomparison Project (CMIP5) confirm results from previous generations of models attributing a substantial role of anthropogenic emissions in driving precipitation changes in the Sahel (Biasutti, 2013). They also suggest that in a warming world, the WAM season may be shifted toward the end of the year, as they report a drying spring and wetting fall. Biasutti and Sobel (2009), Patricola and Cook (2010) and Monerie et al. (2012, 2013) similarly found a robust lag of the monsoon onset in the western Sahel together with an increase of the precipitation at the end of the season in the central African Sahel in the CMIP3 and CMIP5 climate models ensembles.

Episodic winter rainfall events, known as ≪ heug ≫ or ≪ mango ≫ rain by the local population, also occur and affect mainly Cape Verde, Senegal and Mauritania between late October and March. These events are much less documented than summer precipitations, as they concern much more intermittent and weaker events. Nevertheless, they have had dramatic consequences in the past, causing floods and deaths among humans and cattle. A few studies based on observations (Seck, 1962; Gaye et al., 1994; Gaye and Fongang, 1997; Thorncroft and Flocas, 1997; De Félice, 1999; Knippertz and Fink, 2008) and models (Meier and Knippertz, 2009) found that winter rainfalls are associated to an intrusion of high level cold air masses from extratropics.

In spite of all these studies, the variability of Sahelian rainfall is still poorly constrained, partly because of the limited timespan of the instrumental record. In this regard, paleoclimate reconstructions are often of great help to better constrain the variability of poorly observed systems (Nicholson, 1994). However, there is a massive disequilibrium between our knowledge of long-term climate variability in northern continents and in Western Africa. Regarding the last 1000 years, several reconstructions of the northern hemisphere climate trends were put together from thousands of records from diverse archives, now yielding a relatively coherent picture of the past thermal variations over this regions (e.g., Fernández-Donado et al., 2013). Yet, only one marine coring site off the Senegal River (Mulitza et al., 2008) is available to document environmental changes during the last millennium in western Sahel. Using geochemical records from the sediments of Lake Bosumtwi, Ghana, Shanahan et al. (2009) proposed a reconstruction of the natural variability of the African monsoon over the past three millennia. Their study confirmed that intervals of severe drought lasting for periods ranging from decades to centuries are characteristic of the monsoon and are linked to natural variations in Atlantic temperatures. In the Saloum region, located on the Senegalese Atlantic coast (Figure 1) and highly sensitive to changes in the evaporation-precipitation budget, an exceptional opportunity for paleo-monsoon reconstruction is offered by the presence of fossil shell middens that can be used as high resolution archives (Azzoug et al., 2012a). Mollusks indeed record in the geochemistry of their shells the surrounding environmental conditions. Combining high resolution isotopic records with tidal growth increments, Azzoug et al. (2012b) showed that the duration of the rainy and dry seasons can be quantitatively estimated in the Saloum Delta over the last ~2000 years. While their work opens stimulating perspectives for the investigation of the seasonality of the WAM in the past, the relationship between local and regional rainfall variability needs to be assessed before extending paleoclimate reconstructions in the Saloum to the WAM in general. Precipitation is indeed known to be a patchy feature with small spatial scale (e.g., Houze and Cheng, 1977; Leary and Houze, 1979; Nicholson, 1995; Chen et al., 1996; Rickenbach and Rutledge, 1998; Lebel et al., 2009).

Here, we propose to test the spatial representativeness of precipitations measured locally over the Saloum Delta for the whole Sahel region at seasonal to decadal time scales. There is a strong east-west uniformity of climate and vegetation conditions in the Sahel. This is well illustrated by the regular zonal organization of the mean annual isohyets (Figure 1). The spatial coherence of annual and decadal anomalies is also very strong on the first order. Using 110 selected stations regularly distributed in West Africa and covering the years 1933–1940, Moron (1994) defined three main coherent regions at the peak of the sahelian rainy season: a “continental” Sahel, a “western” Sahel and a “Guinean” region, confirming previous analysis by Janicot (1992) and Nicholson and Palao (1993). Fontaine and Janicot (1996) later simplified this classification as they found that the western and continental Sahel rainfall anomalies were of the same sign for the majority of stations they analyzed. More recently, east–west contrasts have also been noted at decadal timescales (Dieppois et al., 2013) as well as at longer timescales, related to the long-term trends in response to climatic forcing (e.g., Lebel et al., 2009; Monerie et al., 2012; Biasutti, 2013).

For our analysis, we consider successively seasonal, interannual, and decadal time scales of modern records of precipitation over the region and we test how representative of the regional monsoon variability these local precipitations are. We also investigate the link of these local precipitation events with large scale SSTs. Results are interpreted in the light of present understanding of the dynamics of the WAM and heug rainfalls.

Materials and Methods

Data

Our analysis is primarily based on the monthly Global Precipitation Climatology Project (GPCP) version 2.2 (Adler et al., 2003; Huffman et al., 2009), which, under the World Climate Research Program (WCRP) and the Global Energy and Water Exchanges project (GEWEX), provides a global coverage with satellite and gauge information at 2.5° resolution. More details about the dataset can be found at ftp://precip.gsfc.nasa.gov/pub/gpcp-v2.2/doc/V2.2_doc.pdf. We use the monthly data over the period [1979–2012].

In order to validate the robustness of our results, we use both the Tropical Rainfall Measuring Mission (TRMM) precipitations and records from two rain gauges located in the Saloum River Delta. In this study, TRMM precipitations version 3B42 (Huffman et al., 2007; Liu, 2015) are used, they contain output from the TRMM Algorithm 3B42 that are merged high quality (HQ)/infrared (IR) precipitation and root-mean-square (RMS) precipitation-error estimates. The output is given over 0.25 × 0.25 degree grid boxes daily. More details of the algorithm can be found here: http://trmm.gsfc.nasa.gov/3b42.html. We use the monthly data over the period [1998–2012]. Rain gauge data set was made available by the Regional Centre for the Improvement of Plant Adaptation to Drought (Centre Régional pour l'Amélioration de l'Adaptation à la Sécheresse (CERAAS), Salack et al., 2011). Two rain gauges located in the vicinity of the Saloum River Delta ([14.5°W-14°N and 15°W-14.2°N]) were averaged and monthly data are used over the period [1979–2010].

Previous results have shown that GPCP and TRMM precipitation datasets have similar distribution patterns over the Tropics in spite of some differences in amplitude and location (Rui and Yunfei, 2005). Results show in particular that GPCP tends to underestimate the monthly precipitation over the land region with sparse rain gauges in contrast to regions with a higher density of rain gauge stations. The absolute bias between the two data sets is however less than 10% while the rain rate is less than 10 mm d−1.

The large-scale circulation and dynamics in the atmosphere and ocean surface associated to the precipitation variability are also investigated. For this, we use wind, geopotential height and outgoing longwave radiation (hereafter OLR) data from the operational analysis of the National Centers for Environmental Prediction (http://www.esrl.noaa.gov/psd/data/) at 2.5 × 2.5° latitude–longitude horizontal resolution (Kalnay et al., 1996). Monthly OLR data are used over the period [1979–2012] to analyze rainfall events in terms of atmospheric convection. Indeed more convective activity implies higher and colder cloud tops, which emit less infrared radiation into space. Hence, negative OLR anomalies indicate enhanced moist convection. Several evidences have already shown that OLR is a powerful proxy for the WAM onset (e.g., Fontaine et al., 2008). Finally, we used the Hadley Centre Global Sea Ice and SST (HadISST) dataset version 1.1 (Rayner et al., 2003), which is a monthly dataset of 1° × 1° spatial resolution covering the period from 1870 to present.

Data Processing and Time Scale Filtering

In this study, we focus on the rainfall variability over the Saloum Delta and the Sahel regions respectively (Figure 1). The first region corresponds to the very small domain defined the 1° × 1° region [16°W-17°W; 14°N-15°N]. The second one is more regional, and corresponds to the average over the region [18W-20°E; 12°N-18°N]. Averages over these to regions define the Saloum rainfall index and the Sahel rainfall index respectively.

Unless stated otherwise, we focus on two seasons. First, winter is defined here by the months January-February-March (JFM). Precipitation over the Saloum delta and the Sahel region are much more sporadic during this season. Nevertheless, the so-called “heug” rainfalls may have important local consequences and may also appear in paleo-records. The summer is then defined here by the months July-August-September. This is the monsoon season, during which rainfalls are most intense. Given the suggested sensitivity of the onset and demise seasons to external forcing (Biasutti and Sobel, 2009; Patricola and Cook, 2010; Monerie et al., 2012, 2013; Biasutti, 2013), and the sensitivity of the Saloum paleoclimate proxy to the duration of the rainy season (Azzoug et al., 2012b), we will also pay special attention to the onset and demise season defined over the months June-July (JJ) and September-October (SO) respectively.

In practice, the seasons defined above are retrieved from the whole dataset, linearly detrended and band-pass filtered in order to distinguish seasonal, interannual and decadal time scales: the seasonal band is isolated by applying a high-pass filter to the monthly data from the corresponding season with a cutoff frequency of 3 months. This is not the canonical definition of the seasonal timescale found in the literature because we use monthly data. However, our results show that it carries information significantly different from the interannual timescale. The interannual variability is extracted by considering 3-month averages for JFM and July-August-September (JAS) and a high-pass filter with a cutoff frequency of 8 years is applied to filter out the decadal variability. We also use 2-month averages for the specific case of the onset JJ and demise SO of the WAM. Finally, a lowpass filter is applied with a cutoff frequency of 8 years in order to capture the decadal variability and filter out the interannual variability. Decadal variability is not analyzed for the winter season due to the very intermittent character of winter events, as shown below.

For each time scale, regression between the normalized Saloum rainfall index and other variables are calculated. These regressions are computed as the covariance between the normalized index and specific variables, and are thus given in units of the given variable. This tool was preferred to correlations as it gives an indication of the amount of signal associated to the process under investigation. Significance of the regressions is tested with a bootstrap procedure (Monte Carlo technique). This procedure consists in randomly re-sampling the rainfall index to re-compute the regression. This is done a large amount of times so as to define the noise level. We show results that are significant at the 95% level, after 500 permutations. Monte Carlo simulation methods are especially useful in studying systems with a large number of coupled degrees of freedom, such as fluids.

Validation of the Rainfall Indexes

We first show the time evolution of rainfall averaged over the Saloum region during the period 1979–2012 for GPCP, 1979–2010 for the rain gauge and 1998–2012 for TRMM data respectively and for all seasons defined by 3 months averages (Figure 2, Top panels). Since the amount of winter rainfall is much smaller than summer rainfall, we represent the seasons running from October to May (Figures 2A,C) and the ones running from April to November (Figures 2B,D) separately, using two different color scales. The ratio among the scales indicates that summer events are of the order of 20 times larger than the winter events. This ratio holds for all three data sets, GPCP, the rain gauge and TRMM. The panels highlight a strong variability for summer and winter. In winter, important rainfall events are detected in 1993–1994 and in 2001–2002 (up to 0.2 mm/day) while practically no rainfall was detected between December and March from 1982 to 1990. In summer, precipitations are typically of the order of 6–8 mm/day in JAS, with substantial interannual variations. The monsoon season was particularly intense in 2000, in 2003 and in 2009, and it was particularly weak in 1983, 1991, 2002, and 2006.
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FIGURE 2. Time evolution of the rainfall (shaded) in the Saloum region during winter for (A) the rain gauge and (C) for GPCP precipitation and during summer for (B) the rain gauge and (D) for GPCP precipitation. TRMM precipitations are shown in contours in all four panels. The vertical axis of the plot shows the different seasons of the year. Left Panels are centered over the winter season and right panels over the summer season, with adapted color scales. (E,F) Show GPCP precipitation anomalies, during winter and summer, respectively, calculated with respect to the seasonal cycle over the reference period 1979–2012. Anomalies averaged for the whole Sahel region computed over the same period with GPCP are superimposed in green contours.



For both seasons, and from 1998 onward, this variability is consistent in all three data sets. In summer, we note a slight shift in the 1999–2000 maximum: TRMM records a slightly weaker maximum, occurring in 2000 rather than 1999. The rain gauge records in fact two maxima, one in 1998 and one in 2000. TRMM also presents lower values by roughly 1 mm/d for the 2003 maximum while the rain gauge values are stronger by 1 mm/d as compared to the GPCP data. Note that this comparison between TRMM and GPCP differs from the results of Rui and Yunfei (2005) who rather found that GPCP tends to underestimate land precipitations as compared to TRMM. This could be due to the fact that we use here updated version of the two datasets. The difference in extreme values between the rain gauge and the GPCP might simply be due to the fact that the GPCP data set is based on objective analysis of station data which might have led to a smoothing of extreme values. Note that the winter event in 2002–2003 is on the other hand rather stronger in the GPCP as compared to the rain gauge records.

Figure 2 (bottom panels) shows the seasonal anomaly of these rainfall time series. The climatology is defined over the period [1979–2012] for GPCC and [1998–2012] for TRMM. The coherence of both time series is confirmed. TRMM slightly underestimates the winter maximum of 2001–2002 as compared to GPCP. This might be due to the length of record used to calculate the climatological mean (1979–2012 for GPCP and 1998–2012 for TRMM). Regarding the summer season, the temporal shift of 1999–2000 is again detected. The negative anomalies rainfall observed in 2007 in GPCP product reach their maximum value in 2006 in TRMM product. Beyond these slight differences, both precipitation records are rather consistent, as also discussed by Rui and Yunfei (2005) and give similar results in the analysis that follows. Therefore, and because of its longer temporal coverage, we focus on the GPCP data set in the following. Figure 2 (bottom panels) also shows that in general, the temporal sequence of rainfall anomalies over the Saloum region is not fully coherent with that of the whole Sahel region and especially during winter. Strong winter rainfall signal like in 2002 is clearly visible on the Saloum average but not in the Sahel region. On the other hand, winter rainfall events are detected in 1980, 1985, and 1995, but they are largely absent from the Saloum record. In summer (Figure 2D), the agreement is stronger, although some temporal shifts also exist. This pre-analysis thus indicates that rainfall events over the Saloum region and over the whole Sahel region are not equivalent. In the following, we investigate more precisely the spatial and temporal domains over which Saloum rainfall are representative, and the associated mechanisms.

Winter Rainfall Structure

We examine here the spatial pattern associated with winter rainfall events over the Saloum region. For this, regression maps of precipitation over the eastern tropical Atlantic and western African continent with the Saloum rainfall index are represented for time scales from seasonal to interannual (Figure 3). At seasonal time scales (Figure 3, top), winter rainfall events over the Saloum region are significantly correlated with rainfall events over the Senegal and the southwestern half of Mauritania. This pattern extends over the ocean toward the southwest until roughly 20°W and 7°N. Such northwest/southeast orientation for heug precipitation events is consistent with results from previous studies (Gaye and Fongang, 1997). In spite of small areas of significant regressions further east, the regression pattern generally does not extend over the whole Sahel region, as also found by Thorncroft and Flocas (1997), Gaye and Fongang (1997) and De Félice (1999).
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FIGURE 3. Spatial regression (in mm/day) in winter (JFM) between Saloum rainfall and rainfall over the rest of the domain for (A) Seasonal, (B) Interannual time scale. Green contours delimit areas where the regression is significant at 95% level using a Monte Carlo simulation. Gray contours represent the mean (JFM) climatological rainfall (mm/d).



At interannual time scales, Saloum winter rainfall is also significantly correlated with adjacent areas in Senegal and the southwest Mauritania, but additionally, the pattern extends slightly eastward along the border between Mali and Mauritania as compared to higher frequencies. Interestingly, over the ocean, significant positive regressions are also found along about 10°N far to the west, and reach values of about 0.5 near Africa, right at the northern edge of the seasonal mean rainfall associated to the Inter Tropical Convergence Zone (ITCZ). This may indicate that interannual variability of heug events is associated with anomalous northward position of the eastern marine ITCZ. Yet, given that correlations over the oceanic extension amount 0.5 (not shown), this phenomenon could account for only about 25% of the winter Saloum winter rainfall variance.

In order to gain understanding on the dynamical origin of these winter rainfalls, we calculate the regression of the Saloum rainfall index with the OLR, the surface wind and the geopotential height at 400 mb (Figure 4). At seasonal timescales, it is found that, land OLR regressions values are always negative with maxima around the Saloum region. As expected, it indicates that local precipitation is associated with cloud cover increase and enhanced atmospheric moisture. Furthermore, anomalous upper level geopotential height shows an anomalous low over the adjacent ocean, associated with a quasi-stationary disturbance of the mean distribution of the geopotential in the mid-latitudes. Over the Sahara, the southward extension of high pressures from the extratropics confirms the role of intrusions of air masses from the North in setting the winter rainfalls over the western Sahel region, as noted already by Seck (1962). At low-level, moist southerlies enter the area. This situation favors the creation of unstable air mass and convective dynamics (Knippertz and Martin, 2005). At interannual timescales, anomalous OLR is mostly significant over the oceanic band. It is enhanced on the northern edge of the mean ITCZ and reduced on the southern edge, thereby confirming a northward shift of the eastern marine ITCZ. Locally, as for seasonal timescale, an upper level cyclonic disturbance is located to the west of the african continent while a poleward transport of tropical moisture is found at low-levels. Note that because of our use of monthly mean values, the anomalous geopotential structures found both at seasonal and interannual timescales are not significant at the 95% level. Nevertheless, the dynamical elements are consistent with previous comprehensive studies of Knippertz and Martin (2005), Meier and Knippertz (2009) and Knippertz and Fink (2008), primarily based on single case-studies. To our knowledge, this is the first time that these mechanisms are described at lower frequencies.
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FIGURE 4. Regression maps in winter (JFM) between Saloum rainfall index with OLR (shaded, W/m2), geopotential height at 400 hPa (red: positive and blue: negative contours, m) and 400 hPa winds (vectors, m/s) for: (A) Seasonal; (B) Interannual time scale. Gray contours delimit areas where the OLR is significant at the 95% level using a Monte Carlo simulation.



Monsoon Rainfall Structure

Sumer Rainfall

We examine now the regression between Saloum rainfall index and rainfalls over the tropical Atlantic and adjacent african land during the season of the WAM. At seasonal time scales (Figure 5), regressions are positive, greater than 0.5 mm/d and statistically significant up to Niger and Chad. This homogeneous regression over the Sahel region is similar to the results of Janicot et al. (2011, their Figure 5 at lag 0) computed from a Sahel index. Note however that this latter study uses daily data and thus includes shorter time scales than the one displayed here.
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FIGURE 5. Spatial regression (in mm/day) in summer (JAS) between rainfall in the Saloum region and over the rest of the domain for (A) Seasonal, (B) Interannual, and (C) Decadal timescale. Green contours delimit areas where the regression is significant at 95% level using a Monte Carlo simulation. Gray contours represent the mean climatological (JAS) rainfall (mm/d).



At interannual time scale, the significant regression pattern extends zonally eastward over the whole Sahel region up to eastern Africa, as well as westward over the Atlantic ocean. This is associated with the signature of the WAM at this time scale. Similar results are found for the decadal time scale, with more extended significant regressions over the adjacent ocean, until 40°W roughly and over the Mediterranean basin. At the sahelian latitude, a striking signal is observed above the tip of eastern Africa, where regressions are strongly negative. Decadal rainfall variability in Sahelian West Africa seems thus more out of phase with east-Africa than with the Gulf of Guinea area.

These results indicate that precipitation variability measured over the Saloum Delta are largely representative of the variability found over West Africa at seasonal timescales, and of the whole Sahel region at interannual and decadal scales. At all frequencies, the anomalous tropical precipitations are located at the northern edge of the mean ITCZ. This is confirmed on Figure 6 that displays regression of OLR and surface winds on the summer Saloum rainfall index. At seasonal time scale, OLR exhibits a negative anomaly around Senegal, South of Mauritania and West of Mali (Figure 6A), suggesting deep atmospheric convection. This pattern is associated with a convergence of surface winds. This and the limited scale of the anomalous OLR pattern, indicate clearly that the seasonal rainfall anomalies are due to meso-scale convective systems. At interannual and decadal timescales, the convective signal extends further east over the Sahel region. Regressions are significant until as far as 15°E, from about 10 to 20°N roughly. Significant regressions are observed over the ocean, consistently with the precipitation structures described in Figure 5. It is interesting to note a clear reduction in the intensity and extension of the negative OLR pattern from interannual to decadal scales which was not expected from the rainfall regression patterns. These findings show that at these time scales, rainfalls in the region are spatially coherent and are associated to large-scale atmospheric convection (ITCZ).
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FIGURE 6. Regression maps in summer (JAS) between Saloum rainfall and OLR (shaded, W/m2) and surface winds (vectors, m/s) for: (A) Seasonal, (B) Interannual, and (C) Decadal time scale. Gray contours delimit areas where the regression is significant at the 95% significance level using a Monte Carlo simulation.



Onset and Demise of the Rainfall Season

In this section, we focus on the months leading in and out of the rainy season. Biasutti and Sobel (2009), Monerie et al. (2012) and Biasutti (2013) have indeed noticed a drying trend of the rainy season over the past decades, consistently with observations, in the CMIP3 models and the CMIP5 models, but also a delay in the rainy season in the future, with negative trends in the onset months (June–July, hereafter JJ) in particular over the western Sahel and positive trends in the demise months (September–October, hereafter SO) in the central Sahel (Biasutti, 2013). Although the topic has received some attention over the last years, including works on the predictability of the onset and demise dates (e.g., Laux et al., 2008) and association with atmospheric dynamics (Sultan and Janicot, 2003), these two seasons are less studied than the fully developed monsoon period.

Figure 7 shows the spatial coherence of Saloum rainfall during the onset and demise season at seasonal to decadal timescales. In June-July, Saloum precipitations are significantly correlated with regions locally confined over western Africa (Senegal and eastern Mali) and adjacent ocean. A few areas in the Central Sahel also show significant regressions. These patterns strongly resemble those obtained for winter rainfall variability (Figure 3), indicating a possible connection between winter rainfall season and the onset season. Although still significant over the western Africa, spatial regressions at decadal timescales on the onset season are not representative of any larger scale signal. No significant regression is found over the adjacent ocean. Regarding the end of the rainy season however, strong longitudinal and meridional coherence of rainfall over the whole Sahel region is obvious in Figure 7 at seasonal to decadal timescales. During this period, the WAM is in its southward displacement stage but still located in the Sahel, and zonal coherence of rainfall in the Sahel is therefore expected. These structures are similar to those obtained by Biasutti (2013) regarding the future trends of the onset and demise seasons: the onset of the WAM is more associated to local processes, while, when established, the monsoon events seem to enter its demise stage with an extended spatial coherency, which is observed at all timescales.
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FIGURE 7. As for Figure 5 but for June–July (JJ, A–C) and September–October (SO, D–F).



Oceanic Forcings of the WAM

Many studies have shown that the WAM over the Sahel region is associated with phenomena in neighboring regions, in particular the Mediterranean basin and the Tropical band over the Atlantic Ocean, but also the Pacific Ocean the Indian sub-continent and the African land. These teleconnections are found to be active from intraseasonal to multidecadal timescales (e.g., Lamb and Peppler, 1992; Janicot et al., 1998; Ward, 1998; Giannini et al., 2003; Losada et al., 2010). More specifically, several studies have focused on SST-driven variability of Sahel rainfall (e.g., Hoerling et al., 2006; Hagos and Cook, 2008; Caminade and Terray, 2009; Mohino et al., 2010; Rodríguez-Fonseca et al., 2011). Many significant links have been found, especially at seasonal to decadal timescales, and it has also been shown that, these teleconnections might evolve with time: for example, the sign of the regression between SST anomalies in the equatorial Atlantic and in the Pacific has changed after the 1970s (Rodríguez-Fonseca et al., 2009).

In order to deepen our analysis of the relationship between the Saloum and the Sahel summer rainfalls, and to further gain confidence in the spatial coherency of summer precipitation patterns over Saloum with the WAM, we now investigate SST anomalies associated with precipitation anomalies over the Saloum region.

We propose an overview of similarities and differences between the SST patterns driving rainfalls locally and regionally respectively. Note nevertheless that distinguishing precisely among the different modes of variability is a complex topic that requires specific analysis (e.g., Mohino et al., 2010) and is beyond the scope of our study. We concentrate on the WAM season since no link between SST variability and the heug rainfall has been found (Seck, 1962; Meier and Knippertz, 2009). Figure 8 shows lagged-regression maps between the JAS Saloum rainfall index and global SSTs during the same season.
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FIGURE 8. Lagged regression maps at different time scales of Saloum rainfall index and SST during summer (JAS). Units of the color scale are K. Contours show area where regressions are statistically significant at the 95% level using a Monte Carlo simulation.



The SST regression maps associated to summer precipitation over the Saloum at seasonal time scale are patchy for negative lags. Significant anomalously warm SST anomalies are found in all tropical basins during the months preceding the precipitation signal but correlation values are rather weak (not shown). This structure is largely consistent with SST regressions over the Sahel index (not shown), although the tropical Pacific signal is stronger here. At lag zero however, a signal similar to the intraseasonal projection of the summer North Atlantic Oscillation (NAO, Keeley et al., 2009; Bladé et al., 2012) appears in the north Atlantic and is significant off North America, suggesting that seasonal variability over west Africa (see Figure 5) is linked to that of the northern Atlantic basin.

At interannual time scale, the SST structure leading anomalous summer precipitation over the Saloum shows more spatial coherency: significant anomalously warm SSTs are found mainly over the tropical southern Atlantic and the subtropical North Atlantic basin with an extension over the Mediterranean basin. Interestingly, no significant anomalies are found in the northern tropics, at the latitude of the Saloum. These structures are again very consistent with those obtained from the Sahel index except that signals in the Atlantic are much stronger and slightly shifted to the west in the Saloum case. Warm anomalies are also found in the western equatorial Pacific and they extend poleward above up to 30° of latitude. Areas of negative regressions are found in the eastern equatorial Pacific indicating that at this time scale, El Niño (La Niña) events are typically associated with reduced (enhanced) WAM seasons a couple of months later. These anomalies are again very consistent with regressions using the Sahel rainfall index, but the areas of statistical significance are smaller here. The dominant influence of the tropical Pacific on the variability of the WAM at interannual timescales as indeed been shown in many studies (e.g., Giannini et al., 2003; Mohino et al., 2010; among others).

Here, we confirm a similar mechanism driving the rainy period locally over the Saloum Delta. In phase with the Saloum precipitation, significant SSTs anomalies are primarily found in the western Pacific, the northern tropical and the equatorial Atlantic. Lamb (1978a) and Vizy and Cook (2002) show a dipole pattern of precipitations in the Sahel and the Gulf of Guinea in which enhanced precipitations are associated with negative SST anomalies in the Equatorial Atlantic. It has recently been shown that, the sign of SST anomalies in the equatorial Atlantic associated to enhanced precipitation in the Sahel depends on the time period of analysis which opened the question about the non stationarity of the link between SST and precipitation (e.g., Rodríguez-Fonseca et al., 2011).

At decadal timescales, finally, precipitations over the Saloum regions are associated with warm oceanic anomalies over the tropical and subtropical Atlantic basin, the Indian Ocean and the Mediterranean basin. These findings confirm previous results regarding the influence of the Atlantic Multidecadal Oscillation (AMO, e.g., Folland et al., 1986; Rowell et al., 1995; Knight et al., 2006; Zhang and Delworth, 2006; Ting et al., 2009), the Interdecadal Pacific Oscillation (IPO, e.g., Mohino et al., 2010) and the Indian Decadal Variability (IDV, e.g., Bader and Latif, 2003; Giannini et al., 2003; Lu and Delworth, 2005; Mohino et al., 2010).

Conclusions

Azzoug et al. (2012b) recently opened promising perspectives with a new technique to quantitatively reconstruct the monsoon variability as well as the duration of the rainy and dry seasons in the Saloum Delta over the past millennia. Their methods are aimed at assessing the natural variability of the WAM over long periods. However, such generalization may deserve some care since precipitations are known to have patchy features with small spatial scale (Houze and Cheng, 1977; Leary and Houze, 1979; Nicholson, 1995; Chen et al., 1996; Rickenbach and Rutledge, 1998; Lebel et al., 2009). In this study, we show how the local Saloum rainfall is coherent with the regional Sahel rainfall at seasonal to decadal time scales. Results show that at seasonal time scale, the winter Saloum rainfalls known as “heug” or “mango” rainfalls, are not coherent over the whole Sahel region. It is representative of a limited area over western Africa, including Senegal, southern Mauritania and western Mali, and the oceanic regions adjacent to Senegal and Guinea. A slight increase of this domain is found at interannual time scale, in particular over the ocean where the signal seems to reveal a northward shift of the ITCZ. At all time scales, precipitations in winter are associated with an upper level anomalous cyclonic circulation to the west of the precipitative area and low level winds from the tropics potentially transporting moisture, and favoring convection. This is consistent with previous studies, which rather focus of specific case-studies.

During summer, Saloum rainfalls are more intense, and more coherent at the regional scale. At seasonal time scales, statistically significant regressions are found over the whole western half of sahelian Africa, including Niger. This finding is similar to the results of Janicot et al. (2011) computed from a Sahel index. At interannual time scale, significant regressions encompass the whole sahelian band, and even extend westward over the ocean. Regressions increase at decadal time scale over the Sahel region. These results suggest a good consistency between Saloum and Sahel precipitation events during the monsoon season and tend to support the regional significance of local paleoclimate reconstructions in the Saloum.

Furthermore, in order to further deepen our understanding of the connection of the Saloum rainy season and the WAM, we have diagnosed the links between SST anomalies and Saloum rainfalls during the WAM season by computing lagged-regression maps between the JAS Saloum rainfall index and global SSTs during the same season. At seasonal time scale, significant warm SST anomalies in the vicinity of the Saloum Delta are detected during the months preceding the precipitation signal, suggesting that local SSTs can play a role. Very weak SST signal can be seen over the equatorial Atlantic leading the seasonal Saloum rainfall variability. A horsehoe-like SST pattern in the North Atlantic in phase with the rainy season may be indicative of an influence of the NAO. These structures are largely consistent with SST regression over the Sahel index (not shown). At interannual time scale, precipitations over the Saloum region are typically associated with ENSO events in the tropical Pacific and warm anomalies over the equatorial and North tropical basins. At decadal time scale, AMO, IPV and possibly global warming are potential drivers of the Saloum rainfall variability, consistently with previous studies dedicated to the WAM.

On the other hand, analysis for the months of JJ and SO showed different behaviors for the onset and demise of the monsoon season. In June-July, precipitations in the Saloum region are significantly correlated with closely surroundings regions (Senegal and eastern Mali) but are not representative of the whole Sahel region. Nearly similar patterns were obtained during winter, indicating a possible connection between winter rainfall season and the onset season. Interestingly, as opposed to findings for other seasons, the spatial extent of the significant regression region tends to decrease at lower frequencies, suggesting that the decadal scale modulation of the early-WAM precipitation over the Saloum delta are local events. Regarding the termination of the rainy season, on the other hand, strong coherence is found over the whole Sahel region at seasonal to decadal time scales, consistently with results found for the fully developed WAM season.

Our study provides a framework for a more robust and accurate interpretation of recent paleoclimate proxies proposing a reconstruction of the monsoon seasonality in western Sahel. Our results show that proxy reconstructions of the monsoon season and its termination can generally be extrapolated to the Sahelian band. Furthermore, as indicated in the introduction, another proxy reconstruction of African rainfall has been proposed by Shanahan et al. (2009) from a sediment core taken in the lake Bosumtwi, Ghana. This location is further east and south than the Saloum Delta, and rainfalls are thus subject to different dynamics. Extension of the present study to this location may also be needed for a more accurate interpretation of this record. We emphasize that the spatial scale is also a crucial issue for applications such as crop yields or water resources. More generally, our study turns to the question of regionalization of the WAM region and downscaling (Paeth et al., 2011). Further work is, indeed, needed in order to better understand the regional coherence of the different phases of the WAM over the whole domain.
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The first week of December 1876 was marked by extreme weather conditions that affected the south-western sector of the Iberian Peninsula (IP), leading to an all-time record flow in two large international rivers. As a direct consequence, several Portuguese and Spanish towns and villages located in the banks of both rivers suffered serious flood damage on 7 December 1876. These unusual floods were amplified by the preceding particularly autumn wet months, with October 1876 presenting extremely high precipitation anomalies for all western Iberia stations. Two recently digitized stations in Portugal (Lisbon and Evora), present a peak value on 5 December 1876. Furthermore, the values of precipitation registered between 28 November and 7 December were so remarkable that, the episode of 1876 still corresponds to the maximum average daily precipitation values for temporal scales between 2 and 10 days. Using several different data sources, such as historical newspapers of that time, meteorological data recently digitized from several stations in Portugal and Spain and the recently available 20th Century Reanalysis, we provide a detailed analysis on the socio-economic impacts, precipitation values and the atmospheric circulation conditions associated with this event. The atmospheric circulation during these months was assessed at the monthly, daily and sub-daily scales. All months considered present an intense negative NAO index value, with November 1876 corresponding to the lowest NAO value on record since 1865. We have also computed a multivariable analysis of surface and upper air fields in order to provide some enlightening into the evolution of the synoptic conditions in the week prior to the floods. These events resulted from the continuous pouring of precipitation registered between 28 November and 7 December, due to the consecutive passage of Atlantic low-pressure systems fuelled by the presence of an atmospheric-river tropical moisture flow over central Atlantic Ocean.

Keywords: floods, extremes precipitation, natural hazard, NAO, atlantic storms, atmospheric river

INTRODUCTION

Flooding events are one of most costly and wide reaching natural hazards which, although triggered by characteristic meteorological factors, can also be amplified by human intervention such as vegetation clearing and/or urban development (Smith and Ward, 1998).

The most common causes of floods are climate related, most notably heavy or continuous precipitation and snow melting. Human impacts on river catchments also influence flood behavior, where changes in land use have a direct impact on the magnitude and behavior of floods (Nott, 2006). Over the western sector of Iberia two main types of rain floods can be distinguished: (a) flash floods, usually affecting small hydrographical basins or urban areas, which are caused by very intense convective precipitation such as the case of Madeira in 2010 (Fragoso et al., 2012) and (b) floods in the major rivers that are caused by continuous intense large-scale precipitation (e.g., Lavers et al., 2011).

Changes in precipitation extremes in the Iberian Peninsula (IP) (Gallego et al., 2011; Santo et al., 2014a) are of particular concern since they can be responsible for flash floods (e.g., Ferraris et al., 2002), hydrological droughts (e.g., García-Herrera et al., 2007; Sousa et al., 2011) and landslides (e.g., Zêzere et al., 2008). The IP climate is affected by a relatively small number of large-scale modes of atmospheric circulation variability (e.g., Trigo et al., 2008). Of these patterns the North Atlantic Oscillation (NAO) is the main mode of low-frequency variability in the North Atlantic European sector to explain precipitation variability in western Iberia Peninsula (e.g., Hurrell, 1995; Jones et al., 1997; Rodríguez-Puebla et al., 1998; Trigo et al., 2004; Lorenzo-Lacruz et al., 2011). According to those results, positive (negative) values of NAO indices are related to below (above) average total precipitation over western Iberia Peninsula.

On the other hand, the variability of the dominant storm-tracks in the Northern Hemisphere affects also the surface climate, particularly the precipitation regimes (Trigo, 2006). Extra-tropical cyclones correspond to one of the most prominent features of the mid-latitude climate and represent a major mechanism for poleward transport of heat and moisture (Peixoto and Oort, 1992) and are often associated with extreme weather conditions like precipitation and/or wind extremes (e.g., Raible, 2007; Liberato et al., 2011). In the IP, the hydrological cycle regime is sensitive to the timing and the position of the winter storms that are predominantly conditioned by the NAO phase (Ulbrich et al., 1999; Trigo et al., 2004).

Historical floods in major river basins of western IP, particularly the Tagus basin have been extensively analyzed (e.g., Benito et al., 2003a,b, 2004, 2005; Ortega and Garzón, 2004). These works have evaluated the temporal distribution of flood occurrence and magnitude within the context of climatic variability in Iberia during the last millennium. Some of these works show the existence of a link between historical floods and the NAO index for the basins of Guadalquivir (Benito et al., 2005) and Guadiana (Ortega and Garzón, 2004). Interestingly the impact of solar activity was also identified for some flood periods (Benito et al., 2004; Vaquero, 2004).

Unusual values of precipitation occurred in early December 1876 leading to large scale flood events in several major river basins in the central and southern sectors of the IP. Recently digitized data from several stations has helped to assess how exceptional this period was. According to records, on 5 December 1876, precipitation reached the highest value ever registered in Lisbon (110 mm in 24 h) since the daily measurements started in 1863, being only exceeded in 2008 (Fragoso et al., 2010). Thus, it still corresponds to the second highest value of daily precipitation ever observed in this city since the start of regular measurements. Similarly, the historical city of Evora registered 90 mm of precipitation on 7 December, a value that was only surpassed on 1944 and is also until today the second highest value ever. However, we will provide evidence that this was not a single event but more likely the culmination of consecutive rainfall episodes that struck central and southern sectors of the IP in the weeks since the preceding October of 1876. As a consequence, river banks of several rivers, including two large international Iberian rivers (Tagus, Guadiana) and the Spanish Guadalquivir suffered widespread floods that caused losses of human life and significant socio-economic impacts.

Atmospheric rivers (ARs) have received special attention in the last decade as they are often associated with extreme precipitation events (Ralph et al., 2006; Lavers et al., 2011). ARs are the water vapor core section of the broader warm conveyor belt, occurring over the oceans along the warm sector of extra-tropical cyclones (Bao et al., 2006). These water vapor bands are typically only a few 100 km across and are located in the lower troposphere, but can stretch over thousands of kilometers across the ocean and their water transportation rate can be at times as intense as that of major terrestrial rivers (Newell et al., 1992). The existence of ARs has been linked to previous heavy precipitation events and floods in Norway (Stohl et al., 2008), United Kingdom (Lavers et al., 2011), California (Dettinger, 2011) and also in Portugal (Liberato et al., 2013).

The aim of this work is to evaluate the impacts of December 1876 floods, with an important focus on the characterization of the short and long-term evolution of the atmospheric conditions responsible for such an extreme event. To achieve these goals, the following objectives must be addressed:

(1) To determine the spatial distribution of precipitation anomalies in the IP and the atmospheric conditions in the months prior to the early December 1876 event.

(2) To evaluate objectively, for the recently digitized stations of Lisbon and Evora, how exceptional was this precipitation event, at various temporal scales.

(3) To evaluate the role played by the atmospheric circulation, namely the NAO and ARs at the monthly-seasonal and daily-weekly scales respectively.

DATASETS AND METHODOLOGY

HISTORICAL SOURCES

The historical source data used were extracted from a comprehensive dataset of flooding and landslide events that occurred in Portugal since 1865 (Quaresma, 2009) and aggregated within the scope of DISASTER project (Zêzere et al., 2014). The DISASTER project allowed to construct a database on hydro-geomorphologic disasters in Portugal. This database was collected through the analysis of all available daily Portuguese newspapers since 1870, mainly from “Diario de Noticias” and “Século.” This database provides detailed information on each individual hydro-meteorological event that took place from the late 19th century till the beginning of the 21th century including their specific location, event type (flood or landslide), involved rescue entities, date of the event and date of the publication. Furthermore, it also provides a large amount of additional contextual information for each event and affected town/region, such as the main socio-economic costs, human losses, people injured, disappeared, evacuated, and dislodged.

Additionally, the Spanish newspapers “La Ilustración Española y Americana,” “El Magisterio Extremeño,” and “La Crónica,” were also analyzed for the days following the 1876 floods to improve the knowledge of the impacts of this event in Spain.

THE 20TH CENTURY REANALYSIS

The new 20th Century Reanalysis version 2 (Compo et al., 2011) from the National Oceanic and Atmospheric Administration/Earth System Research Laboratory Physical Sciences Division (NOAA/ERSL PSD) was used. This dataset is suitable for this type of analysis because it is currently the only dataset that can provide a continuous 3-D description of many meteorological fields since 1871, i.e., a much longer period than the standard NCEP/NCAR (since 1948) or ECMWF (since 1958) Reanalysis datasets. Here the ensemble mean fields on a 2 by 2° global latitude-longitude grid were used.

Several fields were extracted related to both surface and troposphere levels: 3-h and daily precipitation rate, 6-h and daily sea level pressure and convective available potential energy (CAPE). In addition, for the upper levels (850, 500, and 250 hPa), the 6-h fields of geopotential height, air temperature, both wind components and specific moisture were also extracted.

STATION DATA

Precipitation data from different sources were used in this work and a summary is provided in Table 1 including the name, period and hour of observation. Two long term daily precipitation stations for Portugal (Lisbon and Evora) were digitized recently by the Geophysical Institute Infante Dom Luiz. Data from the Lisbon station was registered from 0 a.m. to 24 p.m. between 1863 and 1940 and from 9 a.m to 9 a.m of the following day from 1941 until 2010. The second precipitation extended series, corresponds to the stations of Evora with daily data recorded from 1873 to 1887 and 1906 to 2006 which were recorded between 9 a.m. and 9 a.m. These long-term time series have been digitized within the framework of the FP7 project ERA-CLIIM (Stickler et al., 2014). In a recent work by one of us the longest time series available for Portugal was evaluated comprehensively (Kutiel and Trigo, 2014). The series of monthly means of the Lisbon daily precipitation was examined in detail for temporal homogeneity using the software package RHTestsV3 (Wang and Feng, 2010) and no significant change-points were found. The choice of the test was based on its robustness and also based on one of the authors experience with it in recent applications to Portuguese temperature (Santo et al., 2014a) and precipitation (Santo et al., 2014b) series.

Table 1. Available precipitation station data from Portugal and Spain.
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Moreover, we used additionally monthly precipitation data from three important locations in Portugal (Porto, Guarda and Coimbra) and five Spanish stations. For these stations, the extracted data corresponds to the period of the event: October–December 1876. In summary, the location of the 10 available stations (shown in Figure 1), is distributed as follows, five in mainland Portugal (Porto, Guarda, Coimbra, Evora, Lisbon) and five in Spain (Badajoz, Madrid, Burgos, Huesca, Barcelona). For all stations considered here, the climatological reference period used corresponds to the 1971–2000 normal.
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FIGURE 1. Location of the available stations. 1- Lisbon, 2- Porto, 3- Coimbra, 4- Évora, 5- Guarda, 6- Badajoz, 7- Madrid, 8- Burgos, 9- Huesca, and 10- Barcelona.



NAO DATA

NAO data was accessed through the National Centre of Atmospheric Research (NCAR), Climate and Global Dynamics Division. Extracted data corresponds to the normalized difference of sea level pressures between Lisbon (Portugal) and Stykkisholmur/Reykjavik (Iceland) (Hurrell, 1995). Here we used the monthly mean NAO index from 1865 to 2012.

HISTORICAL DESCRIPTION OF THE RECORD BREAKING PRECIPITATION AND FLOODS EPISODES IN DECEMBER 1876

During the autumn and winter of 1876, the central and southern sectors of the IP were affected by consecutive rainy episodes during several weeks. In particular, the last week of November and the first week of December were characterized by the occurrence of precipitation every day with exceptionally high aggregated values.

As a consequence, river flows of several major rivers, including two large international Iberian rivers (Tagus and Guadiana) and the Spanish Guadalquivir mounted to impressive values on 7 of December leading to widespread floods throughout its embankments that caused scores of human casualties and widespread socio-economic impacts. In fact, a large number of villages and towns located on the shores of these rivers experienced major floods. The geographical location of some of these impacts can be seen in Figure 2 where one can see that the most affected places are located in the Guadiana basin (SW of Iberia).
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FIGURE 2. Location of some of the most affected places by the flood of 1876 mentioned by several newspapers. 1- Vila Real de St António, 2- Alcoutim, 3- Pomerão, 4-Mértola, 5-Olivenza, 6-La Albuera, 7- Almendral, 8- Seville, 9- Badajoz, 10- Talavera la Real, 11- Puebla de la Calzada, 12- Montijo, 13- Gévora, 14- Mérida, 15- Vila Velha de Rodão.



At this late stages of the 19th century both Iberian countries (Portugal and Spain) had developed regional and national wide newspapers that were keen to describe (and illustrate) the most important impacts of this episode. Among other publications, we have looked in detail into the following regularly published newspapers in Portugal (Diário de Noticias and Gazeta do Algarve) and in Spain (La Crónica, El Magisterio Extremeño and La Ilustración Española). According to the “Diário de Noticias” (14 December 1876), in Mértola (#4 in Figure 2) the Guadiana river had raised 25 meters—a fish was found inside a desk drawer, alive. In this town from the original 64 buildings on the left bank of the Guadiana river (the most sparsely populated part) only 3 left standing. Thus, almost 95% of the buildings were razed. Other Portuguese newspaper “Gazeta do Algarve” (13 December 1876) published: “For 3 days the Guadiana has an amazing current… Pomarão has disappeared (#3 in Figure 2). All houses were dragged, and we cannot recognize the place where they use to be anymore.” The nearby towns of Alcoutim (right bank, Portugal, #2 in Figure 2) and Sanlucar del Guadiana (left bank, Spain) almost disappeared and only the houses in the highest places remained. The town of Vila Real de St António, located at the mouth of river Guadiana (#1 in Figure 2) was devastated and there were at least 11 deaths.

In Spain, the damage caused by this flood event was also impressive. The consequences were particularly severe around Badajoz, a Spanish city located right on the border with Portugal (#9 in Figure 2). Some of the most important infrastructures of the city of Badajoz were destroyed (Figure 3) including communication routes by road and rail and telegraph lines. Moreover, the most important infrastructure in the city, the great Palmas bridge over the Guadiana river, collapsed after losing seven arches (Figures 3A–C). This bridge was a strategic point on the route Lisbon-Madrid and had never collapsed before, since it had been re-erected in 1612 (González Rodríguez, 1995). As a consequence of this event the city of Badajoz was isolated, almost surrounded by water, for 4 days. The communication route by rail was recovered only on 13 December, 1 week after the flood. The newspapers indicate widespread damage to homes and business, with a large number of houses presenting partial or total collapse, and in the aftermath hundreds of families become homeless.
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FIGURE 3. Some engravings on the floods of December 1876. (A) four scenes from the city of Badajoz flooded by the waters of the Guadiana, including a picture of the importantly damaged Bridge of Palmas; (B) damages in the great Roman Bridge in the city of Mérida caused by the rising of Guadiana river; (C) an anonymous Portuguese engraving showing the seven lost arches in the Bridge of Palmas in Badajoz; and (D) shipwreck of a Swedish boat in Seville caused by the rising of Guadalquivir river. Engravings (A,B,D) were published in the newspaper “La Ilustración Española y Americana.”



Other cities located close to Badajoz in the Guadiana basin were equally affected (Figure 2), such as Mérida (where the bridge on the Guadiana river was also damaged, #14 in Figure 2), Olivenza, La Albuera, Gévora, Almendral, Talavera la Real, Puebla de la Calzada, Montijo (#5,6,13,7,10,11,12 in Figure 2), and other minor villages. See, for example, the chronicles appeared in the local newspapers “La Crónica” (December 1876) and “El Magisterio Extremeño” (15 December 1876). In Seville, in the basin of the Guadalquivir river (#8 in Figure 2), a Swedish and an English ship were dragged into the city as a consequence of the intense river flow (Figure 3D).

According to Benito et al. (2003a), who have used the record from Vila Velha do Ródão gauge station the 1876 episode corresponds to the largest flood with an estimated discharge of 15,850 m3 s−1. The authors were analysing flooding in the Tagus river basin over the last millennium and the case of Alcantara, about 100 km upstream from Vila Velha de Rodão. The seven documented floods are referred to the Alcantara Roman bridge (built in AD 103,) and the largest flood during the last 200 years were also recorded in 1876 for which model peak discharge estimates of 14,800 m3 s−1 (Benito et al., 2003a). Additionally, palaeoflood hydrology of the Tagus River (Central Spain) was reconstructed from slackwater deposits and palaeostage indicators (Benito et al., 2003b) indicating that in Alcantara, the largest floods of the last 200 years were recorded in AD 1876, 1941, 1947, and 1856 in which the exact water stages documented floods mentioned before.

According to Loureiro (2009), the flood of 1876 was referenced as the biggest one ever recorded in Tagus when entering into Portuguese territory (in Vila Velha do Rodão, #15 in Figure 2). Besides measuring the river elevations in a cross section at this station, the Portuguese Hydrological Services had introduced in 1852 a hydrometer flay (measuring the river flow speed), thus allowing to put the outstanding flood of 1876 into a longer perspective. The flow rate was computed by Loureiro (2009) using the velocity-height curve equation also depicted in Figure 4. It should be noted that the curve calibration was restricted to the century prior to the introduction of major dams in river Tagus in the 1950s and 1960s, that have altered the river flow regime, smoothing large peak values (Trigo et al., 2004). Taking into account that the river height at Vila Velha do Rodão had been monitored (for river surface elevation) since the beginning of the 19th century, we are confident that the early December 1876 floods correspond to the absolute maximum since around 1800 and surpassing the other major floods that occurred in 1823, 1855, 1912, and 1941.
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FIGURE 4. Relation between river elevation (y-axis) and flow rate (x-axis) according to Loureiro (2009).



ASSESSING THE OBSERVED PRECIPITATION

THE EXCEPTIONAL WEEKLY PRECIPITATION AT LISBON AND EVORA

Looking at long-term daily series evaluated (Lisbon and Evora) it becomes evident that both stations present an extreme value on the 5 December 1876, but preceded by significant amounts of rainfall in, at least, the previous week. Therefore, with the aim of understanding the extent in time and the magnitude of this multi-daily event, we have computed the daily average for the accumulated precipitation values (from 1 to 10 days) for the entire time series and rank all values, with the top 10 events being represented in Figure 5A (Lisbon) and Figure 5B (Evora). This figure presents the 10 highest values of daily average accumulated precipitation (X axis) relative to events with successively more days (lengthier) as obtained by adding either; 1, 2, 3, or more (up to 10) days (Y axis). The colors allow a simple identification of the years in which the event occurred while the daily average of the accumulated precipitation for each time period is represented by the bar high (Z axis). Several conclusions can be inferred from this graphic, namely that:

(a) The 1876 episode (dark blue) was so intense (in magnitude but also in temporal span) that this episode dominates the upper ranks of rainiest events at longer time scales, hence the blue triangular shape of records that extends between 2 and 10 days.

(b) In Evora, two of the top 10 rainiest 1-day events (dark blue) were registered only 2 days apart during the December 1876 episode. Therefore, it is quite natural the overall dominance of record precipitation in upper ranks of rainiest events between 2 and 10 days.

(c) With the exception of 1876, the rainiest events in Lisbon at the daily scale have been observed in the last 30 years (1983, 1997, 2004, and 2008). In fact, the recent episode in February 2008 (dark red) corresponds to the absolute maximum daily value (Fragoso et al., 2010). On the contrary, in Evora, the rainiest events at the daily scale have occurred until the mid-20th century (1876, 1917, 1944, and 1951). This different time line in extreme rainy events is consistent with previous works that have shown an increase in extreme rainy episodes in Lisbon and a decrease in Evora and central IP during the last decades (Gallego et al., 2011; Kutiel and Trigo, 2014).
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FIGURE 5. The 10 highest values (rank) of accumulated precipitation from 1 to 10 consecutive days in (A) Lisbon for the period 1863–2010 and (B) Evora for the period 1873–1887, 1906–2006 respectively. The color bar scale represents the year with an extreme event that is included in the graphic. The vertical axis represents the average precipitation amount in 24 h.



In order to summarize these results, Table 2 shows the highest daily average precipitation in Lisbon and Evora (from 1 to 10 days) and the corresponding time interval. Again, it is possible to confirm that the record for 1 day precipitation belongs to 18 February 2008 (Lisbon) and 4 October 1944 (Evora), while looking at 2 and more days, the 1876 event is always the rainiest episode and the time interval persistently matches between 28 November and 7 December 1876. The longest period in which 1876 holds the highest value of accumulated precipitation corresponds to 14 days.

Table 2. Values and time period for higher precipitation value from 1 to 10 days.
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THE WET AUTUMN OF 1876

The early days of December 1876 were characterized by high values of precipitation in Lisbon and other Portuguese stations. However, the extreme flood events that struck large rivers such as Tagus and Guadiana would not have materialize if they depended only on the concentrated daily-to-weekly scale precipitation described in the previous section. In fact, the unusual precipitation observed in early December was preceded by intense rainfall throughout most of autumn. This is clearly depicted in Figure 6 that shows the daily cumulative precipitation for both stations between 1 September and 10 December. Accordingly, during October and November the cumulative precipitation was close to the 95th percentile. However, the extreme rainy period in the first week of December prompted this rainfall index into absolute record values in both stations on 10 December 1876. Thus, it never rained so much in Lisbon and Evora during the first 100 days of the hydrological year (that starts at the beginning of September) as in that year of 1876.
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FIGURE 6. Cumulative precipitation from the 1st of Setember to the 10th of December using sation data. Each year of cumulative precipitation for (A) Lisbon (1864–2010) and (B) Evora (1906–2006) is represented in gray. Mean and 95th percentile of precipitation is represented in red and green respectively and acumulated preciptiation in the year of 1876 is represented by the blue line.



We have computed the ratio of monthly precipitation for the months of October, November and December of 1876 in comparison with a 30-years normal period (1971–2000) and results are presented in Figure 7. In November and December most available stations in IP recorded more than twice the average climatological value. It is immediately striking the concentration of stations with high ratios within Portugal, particularly in December where almost all the stations registered 2–4 times more than the long-term average. We should stress the two most extreme case studies, namely; (1) Evora station that registered more than four times the average precipitation in December and (2) and Lisbon also in December that received more than three times the average precipitation. This implies that the last 3 months of 1876 registered considerable more precipitation than the average in western Iberia, even before the record 2–10 day precipitation observed in early December. We are confident that the pouring of almost continuous precipitation throughout these months contributed undoubtedly to soak the upper layers of soil and, thus, amplifying the intensity of floods on the days 6–8 December.
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FIGURE 7. Precipitation ratio in October, November and December 1876 when compared to the 1971–2000 average in several stations (Porto, Guarda, Coimbra, Lisbon, Evora, Badajoz, Madrid, Burgos, and Huesca). The climatological data for Spanish stations was obtained from Aemet (Agencia Estatal de Meteorología), and for Portuguese stations from IPMA (Portuguese Sea and Atmosphere Institute).



ASSESSING THE ATMOSPHERIC CIRCULATION

THE INFLUENCE OF THE NAO

Until recently, the unavailability of long-term reanalyses datasets excluded the possibility to study the atmospheric circulation associated with this event at different temporal and spatial scales, particularly in relation to mid and upper troposphere variables. The feasibility of such an approach has been made possible through the use of the 20CR (Compo et al., 2011) currently starting in 1871, i.e., sufficient to describe in detail the outstanding prolonged event of late 1876. Here, we will focus on the large-scale atmospheric circulation patterns over the North-Atlantic and Europe at the monthly scale, based on the monthly mean and anomaly pressure fields. Figure 8 provides the anomalous pressure field for the November (Figure 8A) and December (Figure 8B) months. For November, an intense pressure dipole appears over the Atlantic with a negative anomaly over Azores and a positive center located close to Iceland, i.e., a striking negative NAO configuration (Hurrell, 1995). The following month of December 1876 is also characterized by a similar North-South SLP dipole although with the negative and positive centers shifted toward the northeast. It is possible to state that all the 3 considered months (Oct/Nov/Dec) present an overall large-scale pattern that resemblance the NAO mode to a large extent, presenting strong negative NAO index values of −1.9, −4.4, and −2.1 respectively. It is important to stress that the NAO index registered in November 1876 corresponds to the absolute minimum record for the month of November between 1865 and 2012 (Figure 9). It is now well accepted that negative NAO index winter months are overwhelmingly associated with wetter-than-usual months over Iberia (e.g., Hurrell, 1995; Trigo et al., 2004), consequence of a southward shift of the main storm tracks in the Atlantic (Trigo et al., 2004; Trigo, 2006). In this regard the low NAO values registered between October and December of 1876 are bound to be reflected in the Iberian precipitation as previously described in Figure 7. These results are in good agreement with the ones obtained by Salgueiro et al. (2013) that used a new methodology to access the influence of NAO on flood magnitude of Tagus River since mid-19th century. They showed that the largest floods prior to construction of largest Tagus river dams (return period equal and over 25-years) occurred when a negative NAO dominated over a period of 10 days, starting at least 25 days prior to the peak.
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FIGURE 8. November (A) and December (B) 1876 sea level pressure anomaly in hPa when compared with the average period 1901–2000.
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FIGURE 9. November NAO index from 1865 to 2012.



Nevertheless, in order to reinforce the message we used the 2° × 2° precipitation fields form the 20CR reanalysis data to compute the monthly precipitation anomaly for the entire Iberia (Figure 10). The rationale for assessing the precipitation impact with the 20CR dataset is the possibility to provide a continuous representation of Iberia, unlike the sparse representation with the few available stations, additionally it also allows a visualization of sub-daily dynamics (every 6 h) that can be useful for some purposes. Despite the uncertainties of reanalysis values, a positive monthly anomaly over 200 mm appeared south and west of Iberia during November and above 250 mm in most western Iberia in December.
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FIGURE 10. Monthly precipitation anomaly from the 20CR for November (left) and December (right) 1876 (climatological normal for the period 1901–2000).



SYNOPTIC ANALYSIS LEADING TO THE DECEMBER 1876 EVENT

Besides the analysis at the monthly scale presented above, the 20CR reanalyses allows a more in depth study of the atmospheric conditions associated to the severe weather event at the 1–10 days scale in early December 1876. With the aim of promoting the visualization of complementary explanatory meteorological fields we have obtained sequences of 6-h (or daily at fixed hours) synoptic charts for several days during the peak precipitation period in early December (e.g., daily accumulated precipitation and daily mean sea level pressure evolution in Figure 11). Additionally, we have also computed hourly panels for surface and upper air fields that are capable of providing some additional light into the overall evolution of the synoptic conditions (e.g., 12 U.T.C example in Figure 12). Among these meteorological fields, we have paired precipitation rate and mean sea level pressure (SLP) (Figure 12A); precipitation rate and CAPE (Figure 12B); air temperature at 850 hPa and geopotential height at 500 hPa (Figure 12C); upper troposphere wind speed intensity and divergence at 250 hPa (Figure 12D). To complement these we provide also additional fields also at 12 UTC, namely; lower troposphere wind speed vectors and specific moisture content at 900 hPa (Figure 13) and wind speed intensity and divergence at 900 hPa on Figure 13). In order to avoid an excess usage of images, we will restrict the analysis to the most important panels for each case.
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FIGURE 11. Daily mean precipitation intensity colors (mm) and daily mean sea level pressure, contours (hPa), for: (A) 02/12/1876; (B) 03/12/1876; (C) 04/12/1876; (D) 05/12/1876; (E) 06/12/1876; (F) 07/12/1876.
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FIGURE 12. Weather conditions on the 5 December 1876 at 12 a.m. (A) precipitation rate (colors, mm) and mean sea level pressure contours (hPa); (B) precipitation rate (colors, mm) and CAPE contours (J kg−1); (C) geopotential height at 500 hPa (m, contours) and air temperature (°C, colors) 850 hPa, (D) wind speed intensity (colors, ms−1) and divergence (solid) and convergence (dotted) contours at 250 hPa.
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FIGURE 13. Wind speed and direction (arrows) and specific moisture (gkg−1) color contours at 900 hPa (left panels), wind speed intensity (colors, ms−1) and divergence (solid) and convergence (dotted) contours at 900 hPa (right panels) for selected days.



The evolution of daily accumulated precipitation values and associated daily mean sea level pressure contours from 2 until 7 of December 1876 are shown on Figure 11. A closer look at these fields reveals a persistent large region of significant precipitation lingering almost continuously over south-western Iberia. Moreover, from a dynamic perspective, it is also visible that these high values of precipitation are related to successive frontal systems that kept crossing the Atlantic Ocean, with a predominant SW to NE direction, while other low pressure system centers (albeit more intense) travel at higher latitudes, than what is usual at this time of the year (Trigo, 2006). A similar analysis was performed between 28 November and 2 December (figure not shown).

It is possible to state that during these 10 days western and southern Iberia were often under the influence of these consecutive low pressure systems between Azores, Madeira and western IP, characterized by strong winds and precipitation, particularly between 2 and 7 December. According to the 20 CR fields (and consistent with the observed data in Lisbon and Evora) the southern Portuguese territory registered precipitation throughout the entire analyzed period. Furthermore, based on these datasets it is possible to realize that the heaviest precipitation occurred in two main phases:

(1) The first pulse corresponds to the movement of the low pressure system crossing the Atlantic Ocean between the 28 and 30 November, increasing considerably the amount of precipitation rate over the coastal western IP, that had remained on that sector for more than 48 h until it finally dissipated on the night of 30 November. The movement of the geopotential height field at 500 hPa (not shown) exhibits a cut-off low over the ocean moving northeast while the low pressure system moved in the same direction at surface (Nieto et al., 2005);

(2) The second pulse, started on 2 December, with a new air frontal system mass, that had developed over the Atlantic ocean and reached the western IP (Figure 11). In this occasion, the pulse is more enduring and remains over Portugal almost uninterruptedly until 7 December. For this second phase the main center of the associated depression kept an almost stationary location west of the British Islands, but allowing the associated successive frontal systems and squall instability lines to reach Iberia.

A more in depth analysis of the synoptic conditions for the 5 December 1876 (the day with the highest amount of precipitation in the entire event) can be seen in Figures 11, 12. In Figure 12C it is possible to observe the geopotential height at 500 hPa and air temperature at 850 hPa, being dominated by the presence in altitude of a low pressure center and the clear fingerprint of the warm mass intrusion just west of the IP. One of the factors that contributed for the maintenance of this low pressure system for so long at roughly the same location was most probably the presence of the southward displaced jet stream at 250 hPa (Figure 12D). For the period spanning between 2 and 7 December, the westerly winds remained at an average latitude of 42°N, lower than usual (Trigo, 2006), inducing strong divergence in altitude at the end of the jet (over western Iberia) as shown on Figure 12D (solid lines). This upper level divergence was accompanied by intense convergence at the surface (Figure 13, dotted lines), responsible for the intensification of the lower pressure system.

In addition, and looking in more detail into the dynamic fields of specific moisture during those days (2–5 December—Figure 13) one can identify a distant source of moisture. Throughout this period there is a long and narrow band of moisture at 900 hPa being transported from sub-tropical latitudes, over the Atlantic Ocean, toward extratropical latitudes, by southwestern winds at 900 hPa above 20 m/s strengthen the atmospheric flow toward Iberia. This combination of wind and specific moisture characteristics concentrated in such a narrow band suggests the presence of an AR (Ralph et al., 2004; Ralph and Dettinger, 2011). The identification of AR in the Atlantic region has actually been mentioned in some studies as the trigger factor of some floods in Europe, namely in Britain (Lavers et al., 2011), Norway (Stohl et al., 2008), as well as in Portugal (Liberato et al., 2013). The criterion to the identification of AR involve the presence of, a long (>2000 km) and narrow (<500 km) band of moisture in the lowest atmospheric levels from the tropics with high integrated water vapor (above 2 cm) which is equivalent to 5 g/kg of specific moisture but also wind speed above 12.5 ms−1 (Lavers et al., 2011). These characteristics are all present not only between 2 and 5 December (Figure 13) but also during some of the previous days. The presence of this AR is responsible for an additional content of moisture availability reaching the western IP in the days prior to the floods.

Favorable large-scale conditions for vertical movements (uplift mechanism which induced deep convection activity) in addition with the presence of the AR (high specific humidity) contributed to enhanced the precipitation for more than a week. The combined effect of these physical mechanisms allows putting in context the extraordinary amounts of precipitation registered in both Lisbon and Evora during those days. In Lisbon it was registered 238.8 mm from 2 December until 7 December (i.e., 60% of the monthly total for this December) and in Evora the total amount reached 275.8 mm (68% of monthly total). In both cases the precipitation felt during that week was more than 2.5 times the long-term December average. The rainiest day in Lisbon was 5 December 1876 having registered from 0 a.m. to 24 p.m., 110 mm, the second highest value in Lisbon series since 1863 and surpassed recently in 2008 (Fragoso et al., 2010).

CONCLUDING REMARKS

The December of the year 1876 was characterized by exceptionally high aggregated values of precipitation in Southern Portugal and Spain culminating on the extreme flow levels reached on the 7 December in several rivers, including two large international Iberian rivers (Tagus and Guadiana) as well as the Spanish river Guadalquivir. I the case of Guadiana and Tagus rivers it is possible to state that these floods correspond to the largest events since the early 19th century (surpassing the other major floods that took place in 1823 and 1855). This extremeness is quantified objectively for Tagus that had already a river speed gauge working since 1852 attributing the value of 20,000 cubic meters per second for the 7 December's flow rate. Moreover, the extraordinary magnitude of the Guadiana floods can be assessed by the destruction of large sections of the bridge crossing the river in Badajoz, and the destruction of the rail link to Madrid. Despite the widespread floods throughout the embankments of these rivers, natural disasters were not evaluated as seriously as today and we were not able to obtain conclusive figures for the scores of human casualties and dislodge people neither the total economic losses.

The two long term precipitation time series available (Lisbon and Evora) were analyzed to put the December 1876 event into a longer temporal context. For Lisbon, the 1876 episode was so intense (in magnitude but also in temporal span) that it dominates the upper ranks of rainiest events at longer time scales showing accumulated precipitation records that extends between 2 and 10 days. In Evora two of the top 10 rainiest 1-day events were registered only 2 days apart during the December 1876 episode resulting again on the pre-eminence of record precipitation in upper ranks of rainiest events between 2 and 10 days.

Looking at the daily cumulative precipitation for both stations between 1 September and 10 December we were able to assess the evolution throughout autumn months of the precipitation affecting southern Iberia. Accordingly, during October and November the cumulative precipitation was close to the 95th percentile. Therefore, the extreme rainy period in early December implied new absolute record values in both stations.

The large-scale circulation affecting the North-Atlantic area favored the occurrence of such anomalous rainfall periods in southern Iberia In particular the low NAO values registered between October and December of 1876 (−1.9, −4.4, and −2.1 respectively) are associated with the Iberian precipitation since it is well known that negative NAO index in winter months are associated with wetter-than-usual months over Iberia (e.g., Hurrell, 1995; Trigo et al., 2004).

As mention before, the period of most intense precipitation occurred between 28 November and 7 December. Several frontal systems stroke the IP almost continually during those days with a particular intense period of precipitations on the 3–5 December that culminated on the 7th of December flood events. To evaluate the role of the atmospheric circulation at a daily basis, several meteorological fields were analyzed during this first week of December 1876. During this period, two different meteorological situation affected the IP at the synoptical scale: (a) between the 28 and 30 November, the movement of the low pressure system crossing the Atlantic Ocean associated with a cut-off low increasing considerably the amount of precipitation rate over the coastal western IP, and (b) started on 2 December, an extra-tropical cyclone near the British Island become almost stationary, during the following days where its frontal system mass remains over Portugal almost uninterruptedly until 7 December. We have also shown that the intense precipitation observed in the 2nd period was associated to a combination of wind and specific moisture characteristics at 900 hPa (concentrated in a quite narrow strip) clearly suggesting the presence of an AR.
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Warm events ABA index (°C) Nifio 3.4 (°C) SI0D (°C)

1959 0.70 03 -1.72
1963 054 00 -1.72
1965 078 -03 -1.56
1984 1.86 -02 -1.02
1986 112 -03 096
1995 277 o7 -0.78
1998 0.82 15 -1.13
1999 142 -09 1.60
2001 1.53 -04 134
2006 128 -04 210
2011 227 -09 051

The ABA ndiex s the standarolzed SST anomaly for 8-15°E, 10-20°S. The SIOD index is
the stancardized SST anomaly difference between the westem (55-65°E, 37-27°S) and
eastemn (90-100°E, 28-18°S) South Indian Ocean. The & events analyzed in detail are
denoted in bold italics.
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