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Abstract 10 

Between 1950 and 2012, boreal summer (rainy season) rainfall in the Sahel changed from a 11 

multi-decadal decreasing trend to an increasing trend (positive trend shift) in the mid-1980s. We 12 

found that this trend shift was synchronous with similar trend shifts in global oceanic 13 

evaporation and in land precipitation in all continents except the Americas. The trend shift in 14 

oceanic evaporation occurred mainly in the southern hemisphere (SH) and the subtropical oceans 15 

of the northern hemisphere (NH). Because increased oceanic evaporation strengthens the 16 

atmospheric moisture transport toward land areas, the synchrony of oceanic evaporation and land 17 

precipitation is reasonable. Surface scalar winds over the SH oceans also displayed a positive 18 

trend shift. Sea surface temperature (SST) displayed a trend shift in the mid-1980s that was 19 

negative (increasing, then decreasing) in the SH and positive in the NH. Although SST had 20 

opposite trend shifts in both hemispheres, the trend shift in evaporation was positive in both 21 

hemispheres. We infer that because strong winds promote evaporative cooling, the trend shift in 22 

SH winds strengthened the trend shifts of both SST and evaporation in the SH. Because high 23 

SST promotes evaporation, the trend shift in NH SST strengthened the NH trend shift in 24 

evaporation. Thus differing oceanic roles in the SH and NH generated the positive trend shift in 25 

evaporation; however, the details of moisture transport toward the Sahel are still unclear or 26 

perhaps there is no single determining influence. 27 

 28 



1 Introduction 29 

For the past sixty years, the West African Sahel region, located between 10°N – 20°N 30 

longitude, has been one of the most important research areas for studying climatic variability due 31 

to its fragile climate conditions. While there are many well-documented analyses of the Sahel’s 32 

drought conditions since the early 1970s (e.g., Hulme, 1992, Christensen et al., 2007, Baines and 33 

Folland, 2007), there is no general explanation on the source of the drought. Several studies have 34 

also shown that the Indian Ocean, the North and South Atlantic Ocean, and the southern 35 

hemisphere (SH) oceans and the Mediterranean Sea have, alone or together, some kind of remote 36 

influence on the distribution of Sahel rainfall (Palmer, 1986; Giannini et al., 2003; Wolter, 1989; 37 

Janicot et al., 1996; Rowell, 2003; Hagos and Cook, 2008; Diatta and Fink, 2014). Studies and 38 

evaluations of the Sahel monsoon are crucial to determine previous precipitation variations, 39 

provide climate projections, and offer a scientific response to the decrease in rainfall over the 40 

majority of the region (Dai et al., 2001, Omotosho et al., 2008); however, the exact linkage 41 

between the multi-decadal variations of the Sahel rainfall and the global ocean remain unclear. 42 

Sahel rainfall is correlated with remote SST, which suggests that global-scale ocean evaporation 43 

processes are potentially important for the historical land surface rainfall variability. Our initial 44 

analysis suggested that the global hydrological cycle is comprised of evaporation from some part 45 

of the ocean surface and the transport of water vapor over the African continent. Therefore, it is 46 

reasonable that moisture transport from different parts of the world ocean may, either alone or in 47 

combination, affect African precipitation in general and that of the Sahel in particular.  48 

Some of the earliest works related to nearby sea surface temperatures (SSTs) have shown 49 

that precipitation time’s series have significantly changed over the last sixty years (Lough, 1986; 50 

Bader and Latif, 2003; Chung and Ramanathan, 2006). Other studies related to remote SST point 51 

out that the precipitation time’s series has considerably changed over that the past sixty years as 52 

well (Folland et al., 1986; Janicot et al., 1996; Rowell, 2003; Fontaine et al., 2011; Munemoto 53 

and Tachibana, 2012; Diatta and Fink, 2014). The potential long-term causes and effects of SST 54 

variability are important inputs for the thermo-dynamical process of Sahel rainfall (Folland et al. 55 

1986; Giannini et al. 2003; Tippett & Giannini 2006; Lu and Delworth 2005; Hoerling et al. 56 

2006). Although long-term climate trends are commonly related to the state of the ocean, the 57 

radiative forcing by changing levels of greenhouse gas and/or aerosols have been considered 58 



responsible for the changes of climate in the global ocean and on each continent except 59 

Antarctica (Stott et al., 2010).  Yet, the increased trend of the greenhouse gas has not been linked 60 

to the trend shift of the Sahel rainfall. Delworth et al. (1993) defined the thermal impacts of the 61 

North Atlantic thermohaline overturning flow at multi-decadal scales. Zhang and Delworth 62 

(2006) referred to the subsequent SST pattern as the Atlantic Multi-decadal Oscillation. Pomposi 63 

et al. (2015) examined the role of global SST anomalies and their effects on monsoon variability 64 

in the Sahel region and found that “much of the internal variability of the global monsoon 65 

system” is generated by SST variances and their outcome on the atmospheric teleconnections, 66 

linking oceanic variations to land-based rainfall. Munemoto and Tachibana (2012) demonstrated 67 

that the contrast between North and South SST also corresponds to the more recent pattern of 68 

Sahel rainfall; in the mid-1980s, the phenomenon shifted from a decreasing trend to an 69 

increasing trend. These various studies underscore the lack of a single mechanism determining 70 

the relationship between the shift of the Sahel rainfall and the shift of oceanic evaporation. 71 

Folland et al. (1986) were among the first to historically establish a relationship between Sahel 72 

rainfall and (SH) SST on multi-decadal time scales; this relationship has demonstrated that when 73 

the SH SST is higher (lower) than normal, the Sahel is drier (wetter) than normal (Folland et al., 74 

1986). Bader and Latif (2003) considered the warming trend in the Indian Ocean to have “a 75 

crucial role for the [forty-year] drying trend over the West Sahel.” As a consequence, Indian 76 

Ocean warming may have contributed to the strengthening of the North Atlantic Oscillation 77 

during these last two decades. In addition, their experiments highlight the influence of the 78 

tropical Pacific over the eastern Sahel, whereas the tropical Atlantic influences rainfall only over 79 

the Atlantic itself and along the western Sahel.  80 

For this study, we analyzed global evaporation datasets for the second half of the 20th 81 

century in order to determine whether the previously established linkages between remote SST 82 

and Sahel rainfall are the result of remote linkages between Sahel rainfall and oceanic 83 

evaporation. We also investigated the underlying trends in wind stress and SST that may explain 84 

changes in evaporation. Given the region’s exposure to natural variability, favoring severe 85 

drought with unexplained sequence variations, this study will deliver a skillful multi-decadal 86 

climate forecast for the Sahel. 87 

 88 



2 Data and Methods 89 

For the precipitation, we used 3 different monthly datasets: from 1949 to 2014, the National 90 

Oceanic and Atmospheric Administration (NOAA) Precipitation Reconstruction over Land 91 

(PREC/L) database (Chen et al., 2002) with a spatial resolution of 1.0 degree in latitude and 92 

longitude; the Global Precipitation Climatology Centre (GPCC) data (Schneider et al. 2011), 93 

2.5x2.5, from 1949 to 2013; and the University of Delaware UDel_AirT_Precip data provided by 94 

the NOAA/OAR/ESRL PSD, Boulder, Colorado, USA, from their Web site at 95 

http://www.esrl.noaa.gov/psd/, resolution of 0.5x0.5 and from 1949 to 2013. For SST, we used 96 

monthly data from 1953 to 2012 in the NOAA Extended Reconstructed SST Version 3 (NOAA 97 

ERSST V3) dataset, which is constructed from SST data in the International Comprehensive 98 

Ocean-Atmosphere Data Set (ICOADS) (Smith et al., 2008; Xue et al., 2003). Monthly 10-m 99 

scalar wind speed data from 1950 to 2011 came from Wave and Anemometer-based Sea Surface 100 

Wind (WASWind) version 1.0.1 (Tokinaga and Xie, 2011), derived from ship observations in 101 

ICOADS and presented at a resolution of 4 × 4 degrees. Specific humidity data at 2-degree 102 

resolution was from ICOADS. Both wind speed and specific humidity databases have missing 103 

values in areas outside shipping routes, especially at high latitudes. Because Chiu et al. (2012) 104 

view oceanic evaporation, or sea surface latent heat flux (LHF) divided by the latent heat of 105 

vaporization (Lv), as a crucial factor of the global water and energy cycle, we used LHF data for 106 

1950–2012 from the National Centers for Environmental Prediction/National Center for 107 

Atmospheric Research (NCEP/NCAR) Reanalysis (Kalnay et al., 1996) as a fundamental proxy 108 

for oceanic evaporation. We also used data from the Japanese Re-Analysis 55 Years (JRA-55) 109 

(Kobayashi et al., 2015) and the European Centre for Medium-Range Weather Forecasts 110 

(ECMWF) 40-year Reanalysis (ERA-40) (Uppala et al., 2005) datasets and compared these 111 

datasets to the LHF data from NCEP/NCAR and the moisture flux vector. Based on the 112 

comparison, we addressed possible reliability problems in moisture data from the pre-satellite era. 113 

Although there are some differences between these three databases, the differences do not 114 

significantly influence our conclusions. Our analysis primarily used July-August-September 115 

(JAS) averages, corresponding to the Sahel region’s rainy season. 116 

Figure 1 shows the long-term value of JAS average precipitation in northern Africa using 117 

PREC_L data. Our study area, defined as the region bounded by 10°N-20°N and 8°W-30°E, was 118 

chosen to avoid coastal influences on seasonal rainfall in the Sahel. The JAS has captured, by 119 



definition, the Sahel region rainy season between 200 to 600 mm per JAS per year and we used 120 

the PREC_L data for the smooth resolution of the data. Figure 2 shows the variation of JAS 121 

average rainfall in the study area from 1950 through 2012. Sahel rainfall decreased from the 122 

early 1960s to the mid-1980s, followed by an increasing trend for the rest of the study period. 123 

The driest year of the study period was 1984 (Munemoto and Tachibana, 2012); we focused on 124 

that period to divide our dataset into two different periods, the decreasing and increasing periods. 125 

The mid-1980s mark a clear reversal in these multi-decadal trends. The signature of this trend 126 

shift is not sensitive to the definition of the study area (results not shown). Because the data were 127 

insufficient to analyze at least two cycles of multi-decadal variability, we focused on a 128 

phenomenon ("the trend shift") that might indicate a phase change. 129 

To assess the degree to which trends in other climatic parameters synchronized with the 130 

Sahel trend shift, we divided the time series of all datasets into the subperiods 1950–1984 and 131 

1985–2012. We defined the trend in each subperiod as the angle of inclination, θtan , of the time 132 

series, as calculated from the linear regression coefficient using the least squares method. We 133 

defined the strength of the trend shift, θδ tan , as 12 tantan θθ − , where the subscripts 1 and 2 134 

denote the subperiods before and after 1984, respectively. To confirm that the trends of the two 135 

subperiods differed in sign, we added the condition 0tantan 21 <⋅ θθ . We named a decreasing to 136 

increasing (increasing to decreasing) trend shift as a positive (negative) trend shift, i.e., θδ tan  > 137 

0 ( θδ tan  < 0) and 0tantan 21 <⋅ θθ . 138 

 139 

3 Results 140 

3.1 Trend shifts of Sahel precipitation and ocean evaporation 141 

The time series of the global JAS mean LHF decreased before the mid-1980s, followed by 142 

an increase (Fig. 2). Although this increase ceased after the mid-1990s, the turning point of the 143 

trend shift coincided with Sahel rainfall. Global annual mean LHF also had a similar trend shift 144 

to that of the JAS mean (Li et al., 2011). This synchrony suggests that, at the multi-decadal time 145 

scale, the variability of Sahel rainfall may be physically linked to the transport of the moisture 146 

flux from the oceans. We also investigated global mean sensible heat flux, but found no 147 

significant trends during the study period. 148 



The trend shift of LHF in the world ocean may be related to precipitation inside and outside 149 

the Sahel. The results of our investigation of this possibility are shown for both JAS and annual 150 

precipitation of PREC_L in Figure 3a and 3b, respectively. The trend shift over the Sahel is 151 

stronger for annual precipitation than for JAS precipitation. The areas where the positive trend 152 

shifts (from decreasing to increasing) in JAS precipitation are large are the Sahel, western coastal 153 

areas of South Asia, and equatorial South America (Fig. 3a).  154 

For annual precipitation, the areas with positive trend shifts are more numerous than the 155 

areas with negative trend shifts (Fig. 3b). Positive trend shifts are particularly strong in the Sahel, 156 

western coastal areas of South Asia, and southern Chile and less strong in Korea, Japan, the 157 

Philippines, Alaska, and northern Eurasia. Negative trend shifts are seen in South America, most 158 

of the SH, most of North America, and inland Eurasia; these areas are weaker and narrower than 159 

the areas with a positive trend shift. These results indicate that a positive trend shift in 160 

precipitation occurred not only in the Sahel but elsewhere in the globe. Comparing the trend 161 

shifts of JAS precipitation of the PREC_L (Fig.3a), GPCC (Fig. 3c), and the University of 162 

Delaware (Fig.3d) datasets, similar land coverage was observed, with a correlation of 0.9; 163 

however, the University of Delaware (Fig. 3d) dataset showed a weaker signal over the same 164 

areas included in the PREC_L and GPCC datasets.  165 

  166 

3.2 Global SST trend shift  167 

Sahel rainfall is related to nearby SST (Lough, 1986, Bader and Latif, 2003; Chung and 168 

Ramanathan, 2006) and remote SST (Folland et al., 1986; Janicot et al., 1996; Rowell, 2003; 169 

Fontaine et al., 2011; Munemoto and Tachibana, 2012; Diatta and Fink, 2014). Although there is 170 

not visible evidence of change, it is conceivable that the SST time series has a changing phase 171 

from 1984 using the SST over the northern hemisphere (NH) and SH. As demonstrated by 172 

Munemoto and Tachibana (2012), the NH SST became lower than that of the SH SST and 173 

described an opposite trend after 1984. Figure 4 shows that areas of positive trend shift in the 174 

JAS SST over the oceans are widespread in the NH, meaning that SST decreased until 1984 and 175 

then increased. Areas of negative trend shift are mostly in the SH, particularly the eastern 176 

tropical Pacific and the South Atlantic Ocean. The obvious contrast between hemispheres 177 



suggests that the change in JAS Sahel rainfall is somehow related to the hemispheric contrast in 178 

SST; these results are consistent with the findings of Folland et al. (1986) and Munemoto and 179 

Tachibana (2012). In addition, modeling and observational studies by Bader and Latif (2003) 180 

show that the Sahel region rainfall variability is linked with regional and global SST anomaly 181 

patterns, which include fluctuations in: the tropical Atlantic Ocean, as pointed out by Lamb 182 

(1978), Hastenrath, (1984), and Lamb and Peppler, (1992); the Pacific Ocean, as alluded by 183 

Janicot et al. (1996) and Rowell (2001); the Indian Ocean, as referred to by Palmer (1986) and 184 

Shinoda and Kawamura (1994); and the Mediterranean, as mentioned by Rowell (2003).  185 

3.3 Trend shift of global ocean evaporation 186 

The time change of the SST, i.e., SST trend, should be linearly related to the evaporation 187 

from the ocean provided that the ocean is treated as a slab. The time change of the evaporation, 188 

i.e., LHF trend, should thus be linearly related to the second-order differential of the SST. Here 189 

we simply compare between the two trend shifts, because the quality of the global dataset dose 190 

not resolve the second-order differential. Figure 5a and b show the JAS trend shift’s geographic 191 

distribution of land water vapor flux and global ocean evaporation, as defined by LHF using 192 

NCEP and JRA-55 data, respectively. They both show a similar signs over the oceans, except at 193 

the coastline of western South America and the tropical Atlantic; one possible explanation is that 194 

the JRA-55 data are missing at least 10 years before 1984, which could capture the tropical 195 

Atlantic magnitude. When the subtropical SH Atlantic ocean is warmer (colder) than normal, 196 

greater (lesser) LHF production is observed, with a deeper surface coverage of the moisture flux 197 

transient through the western coast of the Sahel region, whereas the NCEP data show coverage 198 

transient through the eastern Sahel coast; similar results were found by Bader and Latif (2003). 199 

The NCEP and JRA-55 datasets captured a significant relation over the Sahel region, even 200 

though the JRA-55 evaporation rate increases at the western side of Sahel region and is negative 201 

in the eastern part. The relation of the tropical Pacific ocean,  El Nino, and both the northern and 202 

southern Atlantic with the Sahel’s rainfall variation, which was confirmed by Zhang et al. (2006), 203 

is observed in the JRA-55 data, but not the the NCEP/NCAR data.  204 

 205 



3.4 Trend shifts of wind, humidity      206 

Latent heat flux is determined by surface wind speed and the humidity deficit over the ocean. 207 

As displayed on Figure 6, the trend shift of JAS surface scalar wind speeds over the ocean. This 208 

shift is positive over most of the SH, particularly in the eastern Pacific Ocean. Many of these 209 

positive areas match areas with positive LHF trend shifts (Fig. 5). In the NH, the trend shift is 210 

positive over the subtropical central and eastern Pacific. Over the western subtropical North 211 

Atlantic ocean, the trend shift in the scalar wind is not in agreement with the trend shift in LHF; 212 

nevertheless, the overall similarity of Fig. 6 and Fig. 5 signifies that trend shifts in wind speed 213 

over the ocean partially account for the trend shift in LHF.  214 

The trend shift in the JAS deficit of surface specific humidity, as determined from its 215 

saturated value at the local SST, is shown in Fig. 7. The geographic distribution of this positive 216 

trend shift is essentially global, similar to those of SST (Fig. 4) and LHF (Fig. 5) in the NH and 217 

the southern Pacific Ocean. The positive trend shift of global evaporation from the ocean is 218 

therefore also partially explained by this trend shift. 219 

Figure 8 shows a map of the JAS moisture flux trend shift using JRA-55. On this figure we 220 

can observe anticyclonic curvature from the eastern tropical Pacific toward tropical Atlantic; 221 

eastward flux from the tropical Atlantic to the Sahel region; the flux from Indian Ocean in about 222 

40S trough the South Atlantic Ocean is also witnessed. This flux is further connected to the 223 

tropical Atlantic Ocean. Most importantly, this figure clearly highlights the key role the South of 224 

Indian Ocean and the East of the Pacific Ocean play in Sahel rainfall variation. In addition, a 225 

weaker transport from the North Atlantic through Mediterranean Ocean entrance to Libya is also 226 

observed, however this phenomenon is blocked by the local high pressure located in the Sahara 227 

desert. 228 

 229 

4 Discussion and conclusion 230 

Our study demonstrates an important synchrony between Sahel rainfall and global 231 

evaporation from oceans. The key point is that the shift in the trend of JAS Sahel rainfall from 232 

decreasing to increasing (positive trend shift) occurred in the mid-1980s and coincided with 233 

shifts in global-scale SST and evaporation from the oceans (Table 1). We found that the Sahel 234 



trend shift was synchronous with similar positive trend shifts in global oceanic evaporation (Fig. 235 

2) and in land precipitation outside the Sahel, except in the Americas (Fig. 3). In detail, the trend 236 

shift in oceanic evaporation (as indicated by LHF) encompassed the SH and the subtropical NH, 237 

including the Pacific, Atlantic, and Indian Oceans (Fig. 5). Because increased oceanic 238 

evaporation strengthens global moisture transport toward the land, the synchronization of these 239 

trend shifts is physically plausible, and indeed the area of increased LHF exceeded the area of 240 

decreased LHF. Trend shifts also occurred in the mid-1980s in SST: the shift was negative 241 

(increase to decrease) in the SH and positive in the NH, giving rise to an interhemispheric 242 

contrast in SST (Fig. 4). The surface scalar wind over the ocean had a positive trend shift, mainly 243 

in the SH, that extended to the subtropical Pacific Ocean in the NH (Fig. 6). The humidity deficit 244 

displayed a positive trend shift in both hemispheres, particularly in the Pacific Ocean (Fig. 7). 245 

The strongest statement comes from the vector moisture flux, which clearly represents the path 246 

of the moisture flux from the eastern Pacific and South Indian Oceans through the tropical 247 

southern Atlantic to the western entrance of the Sahel region, and also the tropical northern 248 

Atlantic through northern Europe through Libya as an entrance that was, however, dissipated by 249 

the blocked high pressure in the Sahara region (Fig. 8). The eastern Pacific and South Indian 250 

Oceans are the areas where the positive trend shift of the latent heat flux is observed (Fig. 5) 251 

From these results, we can assert that the process that connects the trend shifts of the global 252 

oceans and Sahel rainfall (Fig. 9), which is the main reason for the positive trend shift in LHF, is 253 

the positive trend shift in scalar wind, particularly in the SH, because surface wind promotes 254 

evaporation from the ocean. When SST is greater than normal, the atmosphere becomes unstable, 255 

leading to an interaction between convection and large-scale circulation that strengthens the 256 

convergence at the surface with a low wind speed at this center, generating a small amount of 257 

latent heat flux. LHF lowers the SST due to evaporative cooling, which was also suggested by 258 

Wu et al. (2009) and Zhang et al. (1994). Therefore, the negative trend shift in SH SST may be 259 

an effect of the positive trend shift in the scalar wind. Giannini et al. (2003) and Zeng (2003) 260 

demonstrated that in the SH, when the gulf is warm, the Intertropical Convergence Zone (ITCZ) 261 

shifts south away from the Sahel, reducing the African monsoon that draws moist air into the 262 

Sahel, which means that long-term changes in Sahel rainfall are induced by changes in SST in 263 

the tropical Atlantic and Pacific oceans. The opposite way is that the advection of the magnitude 264 

of the moisture flux from the oceans toward the Sahel region forces the ITCZ to shift northward 265 



toward the Sahel region during the boreal summer. Although the linkages can be viewed as 266 

speculative and conceptual, the phenomenon could explain why both hemispheres are correlated 267 

positively, even though their SSTs are different. 268 

In the NH, at latitudes lower than 40°N, the LHF trend shift tended to be positive, in 269 

synchrony with the positive SST trend shift. Because high SST in low latitudes generally 270 

promotes evaporation, the positive trend shift in LHF may be a consequence of the positive trend 271 

shift in SST; the positive trend shift in the humidity deficit in the NH also supports this inference. 272 

Thus, the positive SST trend shift in the NH may be linked to the positive LHF trend shift. 273 

Although the trend shift in SST is positive in the NH and negative in the SH, hemispheric 274 

differences in the role of SST may result in a global positive trend shift in LHF. 275 

Although our study offers an explanation for these global-scale trend shifts, the reason for the 276 

outsized signature of Sahel rainfall is still problematic. In line with our viewpoint, Pomposi et al. 277 

(2015) affirmed that “understanding of how the monsoon reacts to global SSTs remains 278 

incomplete because the system can be impacted by moisture availability locally and in the region 279 

as well as tropical atmospheric stability, both of which are influenced by ocean temperatures.” In 280 

the past, the influence of SST in different remote sites was emphasized (Folland et al., 1986; 281 

Czaja and Frankignoul, 2002; Dijkstra, 2006; Ting et al., 2009), including in the Atlantic Ocean 282 

(Hu and Huang, 2006; Marullo et al., 2011; Martin et al., 2014), Pacific Ocean (Rowntree, 1972; 283 

Pan and Oort, 1983; Cayan and Peterson, 1989; Wallace et al., 1989), and Indian Ocean 284 

(Clemens et al., 1991; Ashok et al., 2001, 2003; Annamalai et al., 2005). To identify how 285 

evaporation in these remote oceans drives Sahel rainfall, idealized atmospheric general 286 

circulation model studies will need to incorporate the anomalous SST patterns shown in this 287 

study. The processes underlying the trend shift of the ocean surface wind also must be identified. 288 

Additionally, it is noteworthy that the trend shift in oceanic evaporation might affect the global 289 

salinity distribution, and in turn the global thermohaline circulation. Remarkably, the SST-Sahel 290 

teleconnection seems to be stronger with the Indian Ocean (negative correlation) and 291 

Mediterranean index (positive correlation) in about 50% of the years of that era (Fontaine et al., 292 

2011), which led us to conclude that the resemblance between global trends and trends in the 293 

Sahel makes it difficult to attribute changes in the Sahel to only a single teleconnection. Largely, 294 

the horizontal transfer of heat flux from oceans to the Sahel region through precipitation 295 

variability (or opposite) has been highlighted.  296 



Furthermore, our experiments confirm the hypothesis that the south Indian Ocean, east 297 

Pacific Ocean, and Atlantic Ocean significantly influence not only regional climate anomalies, as 298 

Bader and Latif (2003) suggested, but also the relationship between global changes in SSTs and 299 

the Sahel region’s rainfall variability, as revealed by Folland et al. (1986). The conclusion, which 300 

one can draw from these various studies, is that the Sahel constitutes the world’s largest area in 301 

which this trend shift occurred.  Rainfall or dry conditions in the West African Sahel region can 302 

definitely be associated with the role of the global oceans. 303 
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Table 1. Summary of Results for JAS Meteorological Parameters. “Positive” indicates that a shift 456 
from decrease to increase occurred during 1950 to 2012; “negative” indicates a shift from 457 
increase to decrease. 458 

 459 

 Sahel rain SST LHF Wind Humidity deficit 

Northern 
hemisphere 

Positive Positive Positive Positive 
(tropical Pacific) 

Positive 

Southern 
hemisphere 

 Negative Positive Positive Positive 
(Pacific) 

460 



 461 

 462 

  463 

Fig.1 Climatological JAS mean of North Africa region rainfall averaged from 1950 to 2012. The 464 
area defined as the Sahel region is in the rectangle between latitude 10-20°N and longitude 8°W-465 
30°E. The unit is mm.   466 

 467 

 468 

469 



 470 

 471 

Figure 2. Time series of JAS Sahel rainfall (mm) and mean LHF  (W m-2) from oceans from 472 
1950 to 2012.   473 

474 



 475 

Figure 3. Global maps of the trend shift for (a) JAS precipitation PREC_L (mm 10years-1), (b) 476 
annual precipitation, (c) JAS precipitation GPCC and (d) JAS precipitation University of 477 
Delaware. Shading denotes θδ tan . Hatching represents areas where trends changed sign 478 

between the two parts of the study period ( 0tantan 21 <⋅ θθ ).  479 
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 481 



 482 

Figure 4. (Left) Trend shifts in SST (K/10years) and (Right) latitude profile of its zonal mean. 483 
Land areas display trend shifts in JAS precipitation from Fig. 3a. Hatching represents areas 484 

where trends changed sign between the two parts of the study period ( 0tantan 21 <⋅ θθ ). 485 

 486 

 487 

 488 

 489 

 490 

 491 

 492 

493 



 494 

Figure 5. Global maps of the LHF trend shift over the oceans for (a) JAS-NCEP  (W m-495 
2/10years) and (b)JAS-JRA55. Land areas display trend shifts in JAS precipitation from Fig. 3a. 496 
Shading denotes θδ tan . Hatching represents areas where trends changed sign between the two 497 

parts of the study period ( 0tantan 21 <⋅ θθ ).   498 

499 



 500 

 501 

Figure 6. (Left) Trend shifts in scalar wind speed over the ocean (m s-1/10years) and (Right) 502 
latitude profile of its zonal mean. Land areas display trend shifts in JAS precipitation from Fig. 503 
3a. Hatching represents areas where trends changed sign between the two parts of the study 504 

period ( 0tantan 21 <⋅ θθ ). 505 

506 



 507 

 508 

Figure 7. (Left) Trend shifts in the humidity deficit  (g kg-1/10years) over the ocean and (Right) 509 
latitude profile of its zonal mean. Land areas display trend shifts in JAS precipitation from Fig. 510 
3a. Hatching represents areas where trends changed sign between the two parts of the study 511 

period ( 0tantan 21 <⋅ θθ ). 512 
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 516 

Figure 8. Trend shift vector map of moisture flux using JRA-55 (kg m-1 s-1/10years, 1958-2014: 517 
JAS). Orange bold vector and hatching represent areas where northward or eastward moisture 518 

flux trends changed sign between the two parts of the study period ( 0tantan 21 <⋅ θθ ). 519 



 520 

Figure 9. Schematic diagram of possible processes linking Sahel precipitation and the global 521 
ocean. The arrows represent increases or decreases in a parameter during 1950–1984 and 1985–522 
2012. 523 
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