
Response to the editor: 
 
Editor Decision: Reconsider after major revisions (15 Mar 2016) by Dr Luis Samaniego 
Comments to the Author: 
1) I appreciate the reply provided by the authors but I hardy find in their revised 
manuscript what has been done. Authors mentioned, e.g., 
 
 "Reply: Thank you for your advice. We will address the points in the revised paper 
accordingly." I wonder what was done? Where? Please indicated with page and line 
number, or highlighted text what has been done to address reviewers comments. 
 
Reply: We have added the paragraphs and the sections where we have made the revision 
in the response files to the two reviewers.  
 
 
 2) I wonder which tests have been performed to find the causality chain proposed in 
Fig 8. I guess this is the main goal of this paper and should be highlighted in the 
introduction. Introduction is too short in my opinion. No in depth literature review.  
Reply: To see which part of global oceans plays a key role in the Sahel rainfall variation, 
we have made new Figure 8 representing the trend shift vector map of the horizontal 
moisture flux. This figure observes that the south of Indian Ocean and the east of the 
Pacific Ocean play a key role in Sahel rainfall variation. We have added it to the revised 
manuscript in the third paragraph of Section 3.4 and the first paragraph of Section 4. 
 
 
 3) Authors should formulate a system of hypotheses and a way to test it. 
 
Reply: Based on new Figure 8 along with LHF, the south of Indian Ocean and the east 
of the Pacific Ocean play a key role in Sahel rainfall variation. We have added it to the 
revised manuscript in the third paragraph of Section 3.4 and the first paragraph of 
Section 4. In addition, to show another evidence of the trend shift of HLF, we have 
added latent flux trend shift map based on another reanalysis dataset (JRA-55) in the 
revised version (See new Figure 5a and b). Even in the JRA-55 dataset, the overall 
pattern of the trend shift is seen although there are some different areas. 
 
 



Reply to Referee 1’s comments on the manuscript entitled “Synchrony of trend shifts in Sahel 
summer rainfall and global oceanic evaporation, 1950–2012” by Alima Diawara, Yoshihiro 
Tachibana, Kazuhiro Oshima, Hatsumi Nishikawa and Yuta Ando 
 
Overview: 
This paper described a multi-decadal link of boreal summer rainfall over Sahel region with the global 
oceanic evaporation by using long-term observation and reanalysis data. The analysis of global 
climate fields suggested that a recent positive shift in the Sahel rainfall variability may be induced by 
the increased oceanic evaporation in both the Northern and Southern Hemisphere. The results shown 
here are interesting and the paper is well written, but a detailed mechanism behind the multidecadal 
link between the Sahel rainfall and the global oceanic evaporation is not clearly examined. Also, the 
relation between the global SST and LHF variability are not fully investigated in the relevant figures. 
These issues should be carefully addressed to improve our historical understanding of the multidecadal 
rainfall variability over Sahel region. Therefore, this paper requires major revision before possible 
publication. Below are the major and specific comments on this paper. 
 
Reply: 
Please accept our sincere appreciation for your valuable comments on our manuscript, which has led us 
to improve the quality of our paper.  
 
 
Major comments:  
1. Multi-decadal link between the Sahel rainfall and the global oceanic evaporation (Section 3.1). In 
the introduction section, the authors clearly stated that understanding the source of Sahel rainfall 
should help explaining the variation, but they did not perform any detailed analysis for the source of 
Sahel rainfall variability. Although the multi-decadal link between the Sahel rainfall and the global 
oceanic evaporation was mainly discussed in this study, a detailed mechanism behind the source of 
Sahel rainfall variation is not well studied. Which part of global oceans plays a key role in the Sahel 
rainfall variation? How does the evaporation over the above ocean affect the Sahel rainfall variability? 
The authors should provide more detailed information on the source of Sahel rainfall variability. 
Reply: 
Thank you for this comments. As in you mentioned, our previous version did not capture the “exact 
source” that remotely influences on the Sahel rainfall.  In order to see which part of global oceans plays 
a key role in the Sahel rainfall variation, we have added a new figure (Figure 8) and additional 
description. Figure 8 represents the trend shift vector map of the horizontal moisture flux. In addition 
this figure demonstrates the key role the south of Indian Ocean and the east of the Pacific Ocean play in 
Sahel rainfall variation. As observed, a weaker transport from North Atlantic through Mediterranean 



ocean entrance to Libya is also observed but blocked by the local high pressure located in the Sahara 
desert. We have also added a description of our observation on the revised manuscript in the third 
paragraph of Section 3.4 and the first paragraph of Section 4. 
To better highlight our point, we have cited valuable researchers work such as Giannini et al. (2003) 
and Zeng (2003).  Giannini et al. (2003) and Zeng (2003) hypothesized that moisture flux from the 
South Indian and the East Pacific ocean and the subtropical Atlantic ocean in the southern hemisphere 
transport toward the Sahel region. As a result our moisture flux figure has confirmed their hypothesis: 
the transport pattern from East Pacific through Caribbean to tropical Atlantic toward West Africa, and 
from the South Indian Ocean to the southern Atlantic ocean, and entering the West Africa. This key 
point have been added it to our revised manuscript in the first paragraph of Section 4. 
 
2. Role of oceanic evaporation in the SST variability (Sections 3.2-3.4) the link between the SST and 
LHF variability is still unclear. The authors claimed that in the Northern Hemisphere, the positive shift 
in the SST variability induces the positive shift in the LHF variability. However, this is not evident in 
the zonal mean figure, where the SST variability north of 40 ◦ N clearly shows the negative shift (Fig. 
4). Also, the authors mentioned that in the Southern Hemisphere, the positive shift in the wind 
variability contributes to the positive shift in the LHF variability. But, it is hard to see the positive shift 
in the wind variability, because the wind variability represents opposite signs north and south of 20 ◦ S 
(Fig. 6). Furthermore, the negative shift in the SST variability cannot be clearly seen north of 50 ◦ S. 
The authors should carefully describe regional differences in the multidecadal variability among the 
variables.Reply:  
We absolutely concur with this comment. In fact the previous Figs. 5, 6 and 7 were inaccurate due to 
the calculation of the zonal mean graphs and the treatment of the missing data. As a result we have 
corrected the figures  with additional approaches in our revised manuscript. This error is the main 
reason our previous Figures and descriptions were inconsistent. As described in Fig 5 of our revised 
manuscript the trend shift in oceanic evaporation contains the SH and the subtropical NH, including the 
Pacific, Atlantic, and Indian Ocean. Since increased oceanic evaporation strengthens global moisture 
transport toward the land, the synchronization of these trend shifts is physically plausible, therefore the 
area of increased LHF exceeded the area of decreased LHF. The surface scalar wind over the ocean had 
a positive trend shift, mainly in the SH, that extended to the subtropical Pacific Ocean in the NH (Fig. 
6). The humidity deficit displayed a positive trend shift in both hemispheres, particularly in the Pacific 
Ocean (Fig. 7).  
 
3. Data quality before the satellite era, there is ample evidence that the observational data in the 
Southern Hemisphere before the satellite era are not as reliable as those in the Northern Hemisphere, 
but the authors elaborated on the multidecadal link with the Southern Hemisphere before the satellite 
era as well. The multidecadal link with the Southern Hemisphere should be focused in the recent 



satellite era. Rather than the Southern Hemisphere, the neighboring oceans such as the tropical 
Atlantic and North Atlantic Oceans would have a major role in the multi-decadal rainfall variability 
because of proximity to Sahel region. 
Reply: 
We absolutely agree with the fact that the observational data in the Southern Hemisphere before the 
satellite era are not as reliable as those in the Northern Hemisphere, and recent data sets are much more 
reliable estimations. Therefore we recognize that the reliability and the choice of the data are crucial in 
a specific study. To clarify our  results based on new evidences in the revised version, we have added 
latent flux trend shift map based on another reanalysis dataset (JRA-55)  (Refer to new Figure 5a and b). 
In the JRA-55 dataset, the overall pattern of the trend shift is seen although there are some different 
areas.  
  
4. P11270 L1: “summer” should be “boreal summer”. 
Reply: 
Thank you for the suggestion. We think that the boreal summer is much appropriate for the purpose of 
the study.  
 
5.  L4-6:This argument is very strong and needs to be modified with further analysis. 
Reply: 
Thank you for this valuable comment. In our revised version we have provided further analysis which 
points out that this trend shift was synchronous with similar trend shifts in global oceanic evaporation 
(Figs. 2 and 4) and in land precipitation in all continents except the Americas (Fig. 4). 
 
 6.  L7-9: Analysis of moisture flux would be helpful for identifying whether the anomalous moisture 
advects over the continent or not. 
Reply:  
We have added the trend shift map of the moisture flux (new Figure 8), and have added the explanation 
on the results in section in the section 3.4. 
 
7. P11271 L21-24: Did the authors compare their results with other available rainfall data (e.g. 
GPCC)?  
Reply:  
To compare our results with other available rainfall data, in our revised manuscript we have added 
Figure 3a, c and d of JAS trend shift using PREC_L, GPCC and University of Delaware data set 
respectively and figure 3b of annual trend shift using PREC_L data set. As a result we are seeing a 
similar pattern and impact coverage (hatching is tanθ1・tanθ2 < 0) on PREC_L, GPCC, and a stronger 
coverage on PREC_L data while a weaker coverage on University of Delaware is observed. We used 



the annual trend shift using PREC_L to illustrate the importance of JAS pointing the raining season in 
Sahel region. 
 
8.  P11272 L17-25: The defined box does not cover major Sahel rainfall region. I do not understand 
why the authors used the box covering only half of the boreal summer rainfall peak, although the 
signature is not sensitive to the definition. 
Reply: 
As you pointed out, the Sahel region defined in this study do not cover the peaks of summer rainfall 
and its standard deviation, but this area clearly shows high contribution of summer rainfall to the 
annual rainfall in this region as shown by Figure 2a in Cairns et al. (2012). Another key reason for that 
is that we defined the Sahel region removing the direct influence of Atlantic and Indian Ocean over the 
coast line up to 100km.  in addition, the large positive sign of the JAS precipitation trend shift are seen 
over this region (Fig. 3). We added these explanation in the second paragraph of Section 2 of our 
revised manuscript. 
 
9.  P11277 L4-6: This sentence seems to have nothing to do with the purpose of this study. 
Reply:  
The modification has been done as suggested. 
 
References: 
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in the equatorial Pacific. J Clim 8(3):589–605. 
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temperature in the National Centers for Environmental Prediction Climate Forecast System simulation 
and retrospective forecasts. Geophys Res Lett 34:L17712. doi:10.1029/2007GL030751 
Zeng, N. (2003), Drought in the Sahel, Science, 302, 999–1000. 
Giannini, A., R. Saravanan, and P. Chang (2003), Oceanic Forcing of Sahel Rainfall on Interannual to 
Interdecadal Time Scales, Science, 302(5647), 1027-1030, doi:10.1126/science.1089357. 
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 Reply to Referee 2’s comments on the manuscript entitled “Synchrony of trend 
shifts in Sahel summer rainfall and global oceanic evaporation, 1950–2012” by 
Alima. Diawara, Yoshihiro. Tachibana, Kazuhiro. Oshima, Hatsumi. Nishikawa 
and Yuta. Ando 

 
Overview: Using reanalysis and observation-based datasets, authors examined the 
summer precipitation changes defined as the trend difference between 1950-1984 and 
1985-2012 periods. In Sahel region, precipitation shows a drying trend for 1950-1984 
but a wetting trend for 1985-2012. The similar trend shift is also found in latent heat 
flux anomalies averaged over the global ocean. Authors also pointed out that this trend 
shift in latent heat flux anomalies is consistent with a SST trend shift in the northern 
hemisphere and a wind speed shift in the southern hemisphere. 
 
This result may have an important implication for global hydrological cycles that may 
also influence the Sahel rainfall variability. The good point in this manuscript is that 
authors clearly described what they did. However, I feel that this manuscript have to 
present their findings more logically. Although I can understand "what" they did, I 
cannot understand "why" they did it. Why does this manuscript examine the trend shifts 
in Sahel summer rainfall? Why did author take the Sahel region illustrated by the black 
box in Fig 1 and the period for 1950-1984 and 1985-2012? Why do we need to focus on 
the evaporation averaged over the "global" ocean instead of the "regional"? I would 
like to encourage them to revise this manuscript with more logical way instead of a 
description. The following is more detailed point that might be helpful to revise this 
manuscript. 
 
Reply 
We sincerely appreciate your input. We have addressed the points in the revised paper 
accordingly.  
 
1. First, I cannot understand what is the main goal of this manuscript and what is the 
scientific question that authors want to clarify in this manuscript. In introduction, 
authors pointed out the local and remote SST effects on decadal rainfall variability over 
Sahel region. Based on these previous studies, authors described the current problem of 
previous studies: "the exact linkage between the multi-decadal variation of Sahel 
rainfall and the global ocean is unclear" on Line 10 Page 11271. So we expect that this 



manuscript will reveal the exact linkage about multi-decadal rainfall variability. 
However, this manuscript examined the "trend shift" instead of multi-decadal variability. 
I confused why this manuscript focused on the trend shift and why did they choose 
trends for those specific periods. 
Reply: 
Based on your input, we have turned our focus on the changes in Sahel rainfall that 
occurred in about 1985. Our approach is constrained by data availability and data 
quality. We are unable to study multi-decadal variability directly because there was only 
sufficient data to look at 1 or at most 2 cycles, therefore we focused on a phenomenon 
("the trend shift") that might indicate a change in phase in multi-decadal variability. As 
you pointed out we did not describe why 1985 is not in the previous version. 1984 is the 
lowest year on the time series of Sahel precipitation, in the same time it is located at the 
middle of the sixty years change of tendency, as a result we took advantage of that in 
calculating the trend shift of before 1984 and after 1984.  We have added this key point 
in our revised manuscript and in more details in section 2. We mistakenly wrote “multi-
decadal variability”. In the revised version, we have removed this term. 
 
2. Second, I have no idea why they assumed that "moisture transport from different 
parts of the world ocean may have some effects on precipitation over Africa", as 
described on Lines 13-15 Page 11271. According to the moisture balance equation, the 
precipitation anomalies balance the moisture divergence and evaporation anomalies. 
This equation is based on the local process and I hesitate to assume that the 
evaporation variability in the Pacific affects to the Sahel rainfall. The tropical Pacific 
SST variability could induce changes in atmospheric circulation, which may influence 
the moisture flux divergence over Sahel region. So I can agree that the global SST 
variability plays some roles for Sahel rainfall variability. However, it is not make sense 
for me that the evaporation in the tropical Pacific affects Sahel rainfall variability via 
moisture transport.  
 
Finally, there is no scientific evidence to explain the possible physical linkage as 
summarized in schematic diagram in Fig 8. According to this manuscript, the SST trend 
shift induces the trend shift of latent heat flux in the northern hemisphere whereas the 
wind speed trend shift contributes to trend shifts of latent heat flux and SST in the 
southern hemisphere. In other words, this manuscript assumes that changes in all of 
those variables are in phase. However, the latent heat flux anomalies (and wind speed 
anomalies) contribute to "tendency" of SST anomalies, which means that the SST 



anomaly change would be out of phase compared to changes in wind speed or latent 
heat flux anomalies. More logical explanation for this manuscript would be needed. 
 
Reply: 
“Second…… over Sahel region”: The summary of the comment is why we assume a 
connection between global evaporation and local rainfall. In the introduction part of the 
revised version, we have expanded our discussion of the literature cited in this sentence: 
"Sahel rainfall is known to be related to nearby SST (Lough, 1986; Bader and Latif, 
2003; Chung and Ramanathan, 2006) and remote SST (Folland et al., 1986; Janicot et 
al., 1996; Rowell, 2003; Fontaine et al., 2011; Munemoto and Tachibana, 2012; Diatta 
and Fink, 2014)." The fact that the Sahel rainfall is correlated with "remote SST" 
suggests that global-scale processes are potentially important, and it is not just an 
assumption that we have made. We have added the trend shift map of horizontal 
moisture flux in new Figure 8. In this new figure we can see that the moisture transport 
from the south of the Indian Ocean and the east of the Pacific Ocean, and that this flux 
pattern may play a key role in Sahel rainfall variation. A weak transport from North 
Atlantic through Mediterranean ocean entrance to Libya is also observed. This new 
observation have been added to the manuscript in the section 3.4 and section 4.  
 
“Finally...anomalies.” Thank you for your great advice. The time change of the SST, i.e., 
SST trend, should be linearly related to the evaporation from the ocean as in the 
thermodynamic formula, therefore time change of the evaporation, i.e., LHF trend, 
should be linearly related to the second-order differential of the SST. We simply 
compared between the two trend shifts. Unfortunately, the quality of the global dataset 
does not resolve the second-order differential. In the revised manuscript, we have 
included this point in the section 3.3. 
 
3. Didn't Zhang and Delworth (2006) demonstrate that Sahel rainfall is strongly 
correlated with the Atlantic Multi-decadal Oscillation? In that case, the trend shift 
could be explained by whatever is responsible for the AMO. That is the missing 
teleconnection. What does this study tell us that we do not learn from Zhang and 
Delworth (2006)?  
Reply: 
Thank you for your suggestion on the AMO. As you pointed out, Zhang et al. 2006 
indicated the relationship between the low frequency SST anomalies averaged over the 
Atlantic i.e. AMO and Sahel summer rainfall. In addition to that, we think that there is 



some oceanic influence from outside of the Atlantic. AMO could probably be a cause of 
the trend shift, but influence of other oceans are additional cause as in our results. In the 
revised manuscript, the consistency with Zhang et al. 2006 has been added in the second 
paragraph of the introduction.  
 
4. Could you please show (not merely say) that the differences in the reanalysis datasets 
do not matter for this analysis? 
Reply: 
The dependence in the choice of the dataset is real but not crucial. In the revised 
manuscript, we use JRA-55 and NCEP data to summarize the dependence on the choice 
of used dataset and NCEP is the closest appropriate for this study. Figure 3, and 5 are 
based on different source of data sets, we could see that the Figure 3 of precipitation 
using PREC_L, GPCC and University of Delaware data sets are similar, while Figure 5 
of JAS trend shift of LHF using NCEP and JRA-55 diverge only over the south tropical 
Atlantic Ocean. The results of the dependence on the used dataset have been added in 
section 3.2 and 3.3. 

 
 
5. Lines 22-23 Page 11270 "Many studies have shown that rainfall varies greatly in the 
Sahel": This sentence is unclear. Does Sahel have the largest precipitation variance over 
land? What timescale do you want to say? 
Reply: 
As we mentioned in the revised manuscript, the Sahel region does not have the largest 
precipitation variance over land, however the tendency of it precipitation times series 
have shown a tremendous change over the last sixty years that cannot neglected as 
shown on Figure 2. This fact had been reported by a several previous research papers 
(e.g., Hulme, 1992, Christensen et al., 2007, Baines and Folland, 2007). In the revised 
manuscript, we pointed out the behavior of the tendency (trend shift) and took 
advantage of the picks in the trend shift factor.  
 
6. Line 9 Page 11271 "long-term climate trends are generally related to the state of the 
ocean": This sentence is unclear. We may say that a long-term temperature trend is 
generally related to atmospheric CO2 increase. But I don’t know what kind of long-
term climate trends authors want to say. 
Reply: 
In the revised manuscript, we have clarify this sentence which refers to the oceans affect 



atmospheric circulation, weather and climate in general. Our focus is not the increase of 
the CO2 effect, but the trend shift during the past six decades. We have added it in the 
second paragraph in the introduction section. 
 
7. Lines 13-15 Page 11271 "It is reasonable that ..." As I described in my major 
comment, this is not reasonable for me. 
Reply:  
We have considered all part of the oceans map and confirmed previous studies such as 
Omotosho et al 2008. Omotosho et al 2008 research focuses on the change in ITCZ 
position or the storm track. An additional example is Giannini et 2003 research which 
investigates the global oceanic warming over Africa. Considering the fact that the 
oceanic evaporation increases water vapor in the atmosphere, this may enhance 
moisture transport and has an important role to play into Africa. In fact, Sahel region 
could explain some lacks of understanding the actual phenomenon in the region. In our 
revised manuscript, We have further addressed this point in the first and second 
paragraphs of introduction section. 
 
8. Line 18 Page 11272 "defined as the region ..." Why do authors define this region? It 
may be good idea to show the standard deviation or variance for precipitation. 
Reply: 
This is similar to the comment #8 of Referee 1. As you pointed out, the Sahel region 
defined in this study does not cover the peaks of summer rainfall and its standard 
deviation, but this area clearly shows high contribution of summer rainfall to the annual 
rainfall in this region as shown by Figure 2a in Cairns et al. (2012). Another reason is 
that we defined the Sahel region removing the direct influence of Atlantic and Indian 
Ocean over the coast line up to 100km. In addition, the large positive sign of the JAS 
precipitation trend shift is seen over this region (Fig. 3). In our revised manuscript, we 
have added these explanation in the second paragraph of Section 2. 
 
9. Line 10 Page 11274 "SST decreased until 1984" From the spatial map of SST trends 
difference, I cannot see the SST decreasing until 1984. 
Reply: 
Reddish areas with hatching are overall cover in the northern hemisphere. Hatching 
with reddish area means that the sign of trend changed from negative to positive. We 
omitted detailed description on this. This description has been added in the Section 3.2 
of our revised manuscript.  
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 9 

Abstract 10 

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

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

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

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

occurred mainly in the southern hemisphere (SH) and the subtropical oceans of the northern 15 

hemisphere (NH). Because increased oceanic evaporation strengthens the atmospheric moisture 16 

transport toward land areas, the synchrony of oceanic evaporation and land precipitation is 17 

reasonable. Surface scalar winds over the SH oceans also displayed a positive trend shift. Sea 18 

surface temperature (SST) displayed a trend shift in the mid-1980s that was negative (increasing, 19 

then decreasing) in the SH and positive in the NH. Although SST had opposite trend shifts in both 20 

hemispheres, the trend shift in evaporation was positive in both hemispheres. We infer that because 21 

strong winds promote evaporative cooling, the trend shift in SH winds strengthened the trend shifts 22 

of both SST and evaporation in the SH. Because high SST promotes evaporation, the trend shift 23 

in NH SST strengthened the NH trend shift in evaporation. Thus differing oceanic roles in the SH 24 

and NH generated the positive trend shift in evaporation; however, the details of moisture transport 25 

toward the Sahel are still unclear or perhaps there is no single determining influence. 26 

 27 



1 Introduction 28 

The For the past sixty years, the West African Sahel region, the area of western Africalocated 29 

between 10°N and– 20°N, commonly suffers from severe drought and is synonymous with unstable 30 

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

to its fragile climate (Dai, 2011). Many studies have shown that rainfall varies greatly in conditions. 32 

While there are many well-documented analyses of the Sahel. ’s drought conditions since the early 33 

1970s (e.g., Hulme, 1992, Christensen et al., 2007, Baines and Folland et al. (1986) established a 34 

relationship between Sahel rainfall and hemispheric disparity in sea surface temperature (SST), 2007), 35 

there is no general explanation on multi-decadal time scales, such that when SST is higher (lower) than 36 

normal in the southern hemisphere (SH) and lower (higher) than normal in the northern hemisphere (NH), 37 

the Sahel is drier (wetter) than normal.the source of the drought. Several studies have also shown that 38 

the Indian Ocean, the North and South Atlantic, Ocean, and the southern hemisphere (SH) oceans 39 

and the Mediterranean Sea have, alone or together, some kind of remote influence on the 40 

distribution of Sahel rainfall (Palmer, 1986; Giannini et al., 2003; Wolter, 1989; Janicot et al., 41 

1996; Rowell, 2003; Hagos and Cook, 2008; Diatta and Fink, 2014). Munemoto and Tachibana 42 

(2012), using updated datasets, confirmed the relationship of Folland et al. (1986) and also showed that 43 

correspond to the more recent pattern of Sahel rainfall, which shifted from a decreasing trend to an 44 

increasing trend in the mid-1980s.      45 

Although long-term climate trends are generally related to the state of the ocean, the Studies and 46 

evaluations of the Sahel monsoon are crucial to determine previous precipitation variations, 47 

provide climate projections, and offer a scientific response to the decrease in rainfall over the 48 

majority of the region (Dai et al., 2001, Omotosho et al., 2008); however, the exact linkage between 49 

the multi-decadal variationvariations of the Sahel rainfall and the global ocean isremain unclear. 50 

Understanding the source of Sahel rainfall should help in explaining its variation. The Sahel rainfall is 51 

correlated with remote SST, which suggests that global-scale ocean evaporation processes are 52 

potentially important for the historical land surface rainfall variability. Our initial analysis 53 

suggested that the global hydrological cycle comprisesis comprised of evaporation from some part 54 

of the ocean surface and the transport of water vapourvapor over the continents.African continent. 55 

Therefore, it is reasonable that moisture transport from different parts of the world ocean may have 56 

some effects, either singlyalone or in combination, onaffect African precipitation over Africain 57 

general and that of the Sahel in particular. In this study, we analysed datasets of global-scale evaporation 58 



for the second half of the 20th century in an effort to demonstrate the relationship of the shift in Sahel 59 

rainfall to shifts in oceanic evaporation. We also sought insight into the causes of long-term variations in 60 

global oceanic evaporation. 61 

Some of the earliest works related to nearby sea surface temperatures (SSTs) have shown 62 

that precipitation time’s series have significantly changed over the last sixty years (Lough, 1986; 63 

Bader and Latif, 2003; Chung and Ramanathan, 2006). Other studies related to remote SST point 64 

out that the precipitation time’s series has considerably changed over that the past sixty years as 65 

well (Folland et al., 1986; Janicot et al., 1996; Rowell, 2003; Fontaine et al., 2011; Munemoto and 66 

Tachibana, 2012; Diatta and Fink, 2014). The potential long-term causes and effects of SST 67 

variability are important inputs for the thermo-dynamical process of Sahel rainfall (Folland et al. 68 

1986; Giannini et al. 2003; Tippett & Giannini 2006; Lu and Delworth 2005; Hoerling et al. 2006). 69 

Although long-term climate trends are commonly related to the state of the ocean, the radiative 70 

forcing by changing levels of greenhouse gas and/or aerosols have been considered responsible 71 

for the changes of climate in the global ocean and on each continent except Antarctica (Stott et al., 72 

2010).  Yet, the increased trend of the greenhouse gas has not been linked to the trend shift of the 73 

Sahel rainfall. Delworth et al. (1993) defined the thermal impacts of the North Atlantic 74 

thermohaline overturning flow at multi-decadal scales. Zhang and Delworth (2006) referred to the 75 

subsequent SST pattern as the Atlantic Multi-decadal Oscillation. Pomposi et al. (2015) examined 76 

the role of global SST anomalies and their effects on monsoon variability in the Sahel region and 77 

found that “much of the internal variability of the global monsoon system” is generated by SST 78 

variances and their outcome on the atmospheric teleconnections, linking oceanic variations to land-79 

based rainfall. Munemoto and Tachibana (2012) demonstrated that the contrast between North and 80 

South SST also corresponds to the more recent pattern of Sahel rainfall; in the mid-1980s, the 81 

phenomenon shifted from a decreasing trend to an increasing trend. These various studies 82 

underscore the lack of a single mechanism determining the relationship between the shift of the 83 

Sahel rainfall and the shift of oceanic evaporation. Folland et al. (1986) were among the first to 84 

historically establish a relationship between Sahel rainfall and (SH) SST on multi-decadal time 85 

scales; this relationship has demonstrated that when the SH SST is higher (lower) than normal, the 86 

Sahel is drier (wetter) than normal (Folland et al., 1986). Bader and Latif (2003) considered the 87 

warming trend in the Indian Ocean to have “a crucial role for the [forty-year] drying trend over the 88 

West Sahel.” As a consequence, Indian Ocean warming may have contributed to the strengthening 89 



of the North Atlantic Oscillation during these last two decades. In addition, their experiments 90 

highlight the influence of the tropical Pacific over the eastern Sahel, whereas the tropical Atlantic 91 

influences rainfall only over the Atlantic itself and along the western Sahel.  92 

For this study, we analyzed global evaporation datasets for the second half of the 20th century 93 

in order to determine whether the previously established linkages between remote SST and Sahel 94 

rainfall are the result of remote linkages between Sahel rainfall and oceanic evaporation. We also 95 

investigated the underlying trends in wind stress and SST that may explain changes in evaporation. 96 

Given the region’s exposure to natural variability, favoring severe drought with unexplained 97 

sequence variations, this study will deliver a skillful multi-decadal climate forecast for the Sahel. 98 

 99 

2 Data and Methods 100 

For the precipitation on land, we used 3 different monthly datadatasets: from 1949 to 2014 in, 101 

the National Oceanic and Atmospheric Administration (NOAA) Precipitation Reconstruction over 102 

Land (PREC/L) database (Chen et al., 2002) with a spatial resolution of 1.0 degree in latitude and 103 

longitude.; the Global Precipitation Climatology Centre (GPCC) data (Schneider et al. 2011), 104 

2.5x2.5, from 1949 to 2013; and the University of Delaware UDel_AirT_Precip data provided by 105 

the NOAA/OAR/ESRL PSD, Boulder, Colorado, USA, from their Web site at 106 

http://www.esrl.noaa.gov/psd/, resolution of 0.5x0.5 and from 1949 to 2013. For SST, we used 107 

monthly data from 1953 to 2012 in the NOAA Extended Reconstructed SST Version 3 (NOAA 108 

ERSST V3) dataset, which is constructed from SST data in the International Comprehensive 109 

Ocean-Atmosphere Data Set (ICOADS) (Smith et al., 20072008; Xue et al., 2003). Monthly 10-m 110 

scalar wind speed data from 1950 to 2011 came from Wave and Anemometer-based Sea Surface 111 

Wind (WASWind) version 1.0.1 (Tokinaga and Xie, 2011), derived from ship observations in 112 

ICOADS and presented at a resolution of 4 × 4 degrees. Specific humidity data at 2-degree 113 

resolution was from ICOADS. Both wind speed and specific humidity databases have missing 114 

values in areas outside shipping routes, especially inat high latitudes. We used Because Chiu et al. 115 

(2012) view oceanic evaporation, or sea surface latent heat flux (LHF) divided by the latent heat 116 

of vaporization (Lv), as a crucial factor of the global water and energy cycle, we used LHF data 117 

for 1950–2012 from the National Centers for Environmental Prediction/National Center for 118 

Atmospheric Research (NCEP/NCAR) Reanalysis (Kalnay et al., 1996) as a robustfundamental 119 



proxy for oceanic evaporation from the ocean. We also used data from the Japanese Re-Analysis 55 120 

Years (JRA-55) (Kobayashi et al., 2015) and the European Centre for Medium-Range Weather 121 

Forecasts (ECMWF) 40-year Reanalysis (ERA-40) (Uppala et al., 2005) for comparison with 122 

datasets and compared these datasets to the LHF data from NCEP/NCAR to addressand the 123 

moisture flux vector. Based on the comparison, we addressed possible reliability problems in 124 

moisture data from the pre-satellite era. Although there are some differences amongbetween these 125 

three databases, the differences do not significantly influence our conclusions. Our analysis 126 

primarily used mainly July-August-September (JAS) averages, corresponding to the Sahel region’s 127 

rainy season in the Sahel region. 128 

Figure 1 shows the long-term (1950–2012) value of JAS average precipitation in northern 129 

Africa. using PREC_L data. Our study area, defined as the region bounded by 10°N and -20°N and 130 

8°W and -30°E, was chosen to avoid coastal influences on seasonal rainfall in the Sahel. The JAS 131 

has captured, by definition, the Sahel region rainy season between 200 to 600 mm per JAS per 132 

year and we used the PREC_L data for the smooth resolution of the data. Figure 2 shows the 133 

variation of JAS average rainfall in the study area from 1950 through 2012. Sahel rainfall followed 134 

a decreasing trenddecreased from the early 1960s to the mid-1980s, followed by an increasing trend 135 

for the rest of the study period. The driest year of the study period was 1984 (Munemoto and 136 

Tachibana, 2012).); we focused on that period to divide our dataset into two different periods, the 137 

decreasing and increasing periods. The mid-1980s mark a clear reversal in these multi-decadal 138 

trends. The signature of this trend shift is not sensitive to the definition of the study area (results 139 

not shown). Because the data were insufficient to analyze at least two cycles of multi-decadal 140 

variability, we focused on a phenomenon ("the trend shift") that might indicate a phase change. 141 

In assessingTo assess the degree to which trends in other climatic parameters are synchronized 142 

with the Sahel trend shift, we divided the time series of all datasets into the subperiods 1950–1984 143 

and 1985–2012. We defined the trend in each subperiod as the angle of inclination, tanθ, of 144 

the time series, as calculated from the linear regression coefficient using the least squares method. 145 

We defined the strength of the trend shift, δtanθ, as tanθ2 − tanθ1,, where 146 

the subscripts 1 and 2 denote the subperiods before and after 1984, respectively. To confirm that 147 

the trends of the two subperiods differed in sign, we added the condition tanθ1 ∙148 

tanθ2 < 0.. We named a decreasing to increasing (increasing to decreasing) trend shift as a positive 149 

θtan

θδ tan 12 tantan θθ −

0tantan 21 <⋅ θθ



(negative) trend shift, i.e. δtanθ > 0 (δtanθ < 0.,  > 0 (  < 0) and 150 

tanθ1 ∙ tanθ2 < 0. 151 

 152 

3 Results 153 

3.1 Trend shifts of Sahel precipitation and ocean evaporation 154 

The time series of the global JAS mean LHF displays a decreasing trenddecreased before the 155 

mid-1980s, followed by an increase (Fig. 2). Although this increase ceased after the mid-1990s, 156 

the turning point of the trend shift coincided with that of Sahel rainfall. Global annual mean LHF 157 

also had a similar trend shift to thosethat of the JAS mean (Figure not shownLi et al., 2011). This 158 

synchrony suggests that, at the multi-decadal time scale, the variability of Sahel rainfall may be 159 

physically linked to the transport of the moisture evaporatedflux from the oceans. We also 160 

investigated global mean sensible heat flux, but found no significant trends during the study period. 161 

The trend shift of LHF in the world ocean may be related to precipitation ininside and outside 162 

the Sahel. The results of our investigation of this possibility are shown for both JAS and annual 163 

precipitation in Fig. 3.of PREC_L in Figure 3a and 3b, respectively. The trend shift over the Sahel 164 

is stronger for annual precipitation than for JAS precipitation. The areas where the positive trend 165 

shiftshifts (from decreasing to increasing) in JAS precipitation isare large are the Sahel, western 166 

coastal areas of South Asia, and equatorial South America (Fig. 3a).  167 

For annual precipitation, the areas ofwith positive trend shift exceedshifts are more numerous 168 

than the areas ofwith negative trend shiftshifts (Fig. 3b). Positive trend shifts are particularly strong 169 

in the Sahel, western coastal areas of South Asia, and southern Chile, and less strong in Korea, 170 

Japan, the Philippines, Alaska, and northern Eurasia. Negative trend shifts are seen in South 171 

America, most of the southern hemisphereSH, most of North America, and inland Eurasia. Areas of 172 

negative trend shift ; these areas are weaker and narrower than the areas ofwith a positive trend shift. 173 

These results indicate that a positive trend shift in precipitation occurred not only in the Sahel but 174 

elsewhere on the globe.in the globe. Comparing the trend shifts of JAS precipitation of the PREC_L 175 

(Fig.3a), GPCC (Fig. 3c), and the University of Delaware (Fig.3d) datasets, similar land coverage 176 

was observed, with a correlation of 0.9; however, the University of Delaware (Fig. 3d) dataset 177 

showed a weaker signal over the same areas included in the PREC_L and GPCC datasets.  178 

θδ tan θδ tan 0tantan 21 <⋅ θθ



  179 

3.2 Global SST trend shift  180 

Sahel rainfall is known to be related to nearby SST (Lough, 1986, Bader and Latif, 2003; Chung 181 

and Ramanathan, 2006) and remote SST (Folland et al., 1986; Janicot et al., 1996; Rowell, 2003; 182 

Fontaine et al., 2011; Munemoto and Tachibana, 2012; Diatta and Fink, 2014). Although there is 183 

not visible evidence of change, it is conceivable that the SST time series has a changing phase 184 

from 1984 using the SST over the northern hemisphere (NH) and SH. As demonstrated by 185 

Munemoto and Tachibana (2012), the NH SST became lower than that of the SH SST and 186 

described an opposite trend after 1984. Figure 4 shows that areas of positive trend shift in the JAS 187 

SST over the oceans are widespread in the NH, meaning that SST decreased until 1984 and then 188 

increased. Areas of negative trend shift are mostly in the SH, particularly the eastern tropical 189 

Pacific and the South Atlantic Ocean. The obvious contrast between hemispheres suggests that the 190 

change in JAS Sahel rainfall is somehow related to the hemispheric contrast in SST.; these results 191 

are consistent with the findings of Folland et al. (1986) and Munemoto and Tachibana (2012).(1986) 192 

and Munemoto and Tachibana (2012). In addition, modeling and observational studies by Bader 193 

and Latif (2003) show that the Sahel region rainfall variability is linked with regional and global 194 

SST anomaly patterns, which include fluctuations in: the tropical Atlantic Ocean, as pointed out 195 

by Lamb (1978), Hastenrath, (1984), and Lamb and Peppler, (1992); the Pacific Ocean, as alluded 196 

by Janicot et al. (1996) and Rowell (2001); the Indian Ocean, as referred to by Palmer (1986) and 197 

Shinoda and Kawamura (1994); and the Mediterranean, as mentioned by Rowell (2003).  198 

3.3 Trend shift of global ocean evaporation 199 

Figure 5 shows the geographic distribution of the trend shift in mean JAS ocean evaporation, as 200 
signified by LHF. The areas of negative shift are much narrower than those of positive shift. A positive 201 
trend shift occupies the whole latitude range from 60°S to 40°N, except in the western South Pacific, 202 
northern and western Indian Ocean, and the Caribbean Sea. Areas where the trends changed sign 203 
between subperiods (tanθ1 ∙ tanθ2 < 0) cover most of the oceans, suggesting that the trend shift was 204 
genuine and worldwide.    205 

 206 

The time change of the SST, i.e., SST trend, should be linearly related to the evaporation from 207 

the ocean provided that the ocean is treated as a slab. The time change of the evaporation, i.e., LHF 208 



trend, should thus be linearly related to the second-order differential of the SST. Here we simply 209 

compare between the two trend shifts, because the quality of the global dataset dose not resolve 210 

the second-order differential. Figure 5a and b show the JAS trend shift’s geographic distribution 211 

of land water vapor flux and global ocean evaporation, as defined by LHF using NCEP and JRA-212 

55 data, respectively. They both show a similar signs over the oceans, except at the coastline of 213 

western South America and the tropical Atlantic; one possible explanation is that the JRA-55 data 214 

are missing at least 10 years before 1984, which could capture the tropical Atlantic magnitude. 215 

When the subtropical SH Atlantic ocean is warmer (colder) than normal, greater (lesser) LHF 216 

production is observed, with a deeper surface coverage of the moisture flux transient through the 217 

western coast of the Sahel region, whereas the NCEP data show coverage transient through the 218 

eastern Sahel coast; similar results were found by Bader and Latif (2003). The NCEP and JRA-55 219 

datasets captured a significant relation over the Sahel region, even though the JRA-55 evaporation 220 

rate increases at the western side of Sahel region and is negative in the eastern part. The relation 221 

of the tropical Pacific ocean,  El Nino, and both the northern and southern Atlantic with the Sahel’s 222 

rainfall variation, which was confirmed by Zhang et al. (2006), is observed in the JRA-55 data, 223 

but not the the NCEP/NCAR data.  224 

 225 

3.4 Trend shifts of wind, humidity      226 

Latent heat flux is determined by surface wind speed and the humidity deficit over the ocean. 227 

As displayed on Figure 6 shows, the trend shift of JAS surface scalar wind speeds over the ocean. 228 

This shift is positive over most of the SH, particularly in the eastern Pacific Ocean. Many of these 229 

positive areas match areas ofwith positive LHF trend shift in LHFshifts (Fig. 5). In the NH, the 230 

trend shift is positive over the subtropical central and eastern Pacific. Over the western subtropical 231 

North Atlantic ocean, the trend shift in the scalar wind is not in agreement with the trend shift in 232 

LHF. However; nevertheless, the overall similarity of Fig. 6 and Fig. 5 signifies that trend shifts in 233 

wind speed over the ocean partially account for the trend shift in LHF.  234 

The trend shift in the JAS deficit of surface specific humidity, as determined from its saturated 235 

value at the local SST, is shown in Fig. 7. The geographic distribution of this positive trend shift 236 

is essentially global, similar to those of SST (Fig. 4) and LHF (Fig. 5) in the NH and the southern 237 



Pacific Ocean. The positive trend shift of global evaporation from the ocean is therefore also 238 

partially explained by this trend shift. 239 

Figure 8 shows a map of the JAS moisture flux trend shift using JRA-55. On this figure we 240 

can observe anticyclonic curvature from the eastern tropical Pacific toward tropical Atlantic; 241 

eastward flux from the tropical Atlantic to the Sahel region; the flux from Indian Ocean in about 242 

40S trough the South Atlantic Ocean is also witnessed. This flux is further connected to the tropical 243 

Atlantic Ocean. Most importantly, this figure clearly highlights the key role the South of Indian 244 

Ocean and the East of the Pacific Ocean play in Sahel rainfall variation. In addition, a weaker 245 

transport from the North Atlantic through Mediterranean Ocean entrance to Libya is also observed, 246 

however this phenomenon is blocked by the local high pressure located in the Sahara desert. 247 

 248 

4 Discussion and conclusion 249 

Our study demonstrates an important synchrony between Sahel rainfall and global evaporation 250 

from oceans. The key point is that the shift in the trend of JAS Sahel rainfall from 251 

decreasedecreasing to increaseincreasing (positive trend shift) that occurred in the mid-1980s and 252 

coincided with shifts in global-scale SST and evaporation from the oceans (Table 1). The Sahel 253 

constitutes the world’s largest area in which this trend shift occurred. We found that the Sahel trend shift 254 

was synchronous with similar positive trend shifts in global oceanic evaporation (Fig. 2) and in 255 

land precipitation outside the Sahel, except in the Americas (Fig. 3). In detail, the trend shift in 256 

oceanic evaporation (as indicated by LHF) encompassed the SH and the subtropical NH, including 257 

the Pacific, Atlantic, and Indian Oceans (Fig. 5). Because increased oceanic evaporation 258 

strengthens global moisture transport toward the land, the synchronization of these trend shifts is 259 

physically plausible, and indeed the area of increased LHF exceeded the area of decreased LHF. 260 

Trend shifts also occurred in the mid-1980s in SST: the shift was negative (increase to decrease) 261 

in the SH and positive in the NH, giving rise to an interhemispheric contrast in SST (Fig. 4). The 262 

surface scalar wind over the ocean had a positive trend shift, mainly in the SH, that extended to 263 

the subtropical Pacific Ocean in the NH (Fig. 6). The humidity deficit displayed a positive trend 264 

shift in both hemispheres, particularly in the Pacific Ocean (Fig. 7). The strongest statement comes 265 

from the vector moisture flux, which clearly represents the path of the moisture flux from the 266 

eastern Pacific and South Indian Oceans through the tropical southern Atlantic to the western 267 



entrance of the Sahel region, and also the tropical northern Atlantic through northern Europe 268 

through Libya as an entrance that was, however, dissipated by the blocked high pressure in the 269 

Sahara region (Fig. 8). The eastern Pacific and South Indian Oceans are the areas where the 270 

positive trend shift of the latent heat flux is observed (Fig. 5) 271 

From these results, we can suggest possible processesassert that connectthe process that connects 272 

the trend shifts of the global oceans and Sahel rainfall (Fig. 8).9), which is the main reason for the 273 

positive trend shift in LHF, is the positive trend shift in scalar wind, particularly in the SH, because 274 

surface wind promotes evaporation from the ocean. In general, highWhen SST is greater than 275 

normal, the atmosphere becomes unstable, leading to an interaction between convection and large-276 

scale circulation that strengthens the convergence at the surface with a low wind speed at this 277 

center, generating a small amount of latent heat flux. LHF lowers the SST due to evaporative 278 

cooling., which was also suggested by Wu et al. (2009) and Zhang et al. (1994). Therefore, the 279 

negative trend shift in SH SST in the SH may be an effect of the positive trend shift in the scalar 280 

wind. Giannini et al. (2003) and Zeng (2003) demonstrated that in the SH, when the gulf is warm, 281 

the Intertropical Convergence Zone (ITCZ) shifts south away from the Sahel, reducing the African 282 

monsoon that draws moist air into the Sahel, which means that long-term changes in Sahel rainfall 283 

are induced by changes in SST in the tropical Atlantic and Pacific oceans. The opposite way is that 284 

the advection of the magnitude of the moisture flux from the oceans toward the Sahel region forces 285 

the ITCZ to shift northward toward the Sahel region during the boreal summer. Although the 286 

linkages can be viewed as speculative and conceptual, the phenomenon could explain why both 287 

hemispheres are correlated positively, even though their SSTs are different. 288 

In the NH, at latitudes lower than 40°N, the LHF trend shift tended to be positive, in synchrony 289 

with the positive SST trend shift. Because high SST in low latitudes generally promotes 290 

evaporation, the positive trend shift in LHF may be a consequence of the positive trend shift in 291 

SST.; the positive trend shift in the humidity deficit in the NH also supports this inference. Thus, 292 

the positive SST trend shift in the NH may be linked to the positive LHF trend shift. Although the 293 

trend shift in SST is positive in the NH and negative in the SH, hemispheric differences in the role 294 

of SST may result in a global positive trend shift in LHF. 295 

Although our study offers an explanation for these global-scale trend shifts; however, the reason 296 

for the outsized signature of Sahel rainfall is still problematic. Many previous studies have argued 297 



forIn line with our viewpoint, Pomposi et al. (2015) affirmed that “understanding of how the 298 

monsoon reacts to global SSTs remains incomplete because the system can be impacted by 299 

moisture availability locally and in the region as well as tropical atmospheric stability, both of 300 

which are influenced by ocean temperatures.” In the past, the influence of SST in different remote 301 

sites was emphasized (Folland et al., 1986; Czaja and Frankignoul, 2002; Dijkstra, 2006; Ting et 302 

al., 2009), including in the Atlantic Ocean (Hu and Huang, 2006; Marullo et al., 2011; Martin et 303 

al., 2014), Pacific Ocean (Rowntree, 1972; Pan and Oort, 1983; Cayan and Peterson, 1989; 304 

Wallace et al., 1989), and Indian Ocean (Clemens et al., 1991; Ashok et al., 2001, 2003; Annamalai 305 

et al., 2005). Probably there is no single determining influence.2005). To identify how evaporation in 306 

these remote oceans drives Sahel rainfall, idealized atmospheric general circulation model studies 307 

will need to incorporate the anomalous SST patterns shown in this study. The processes underlying 308 

the trend shift of the ocean surface wind also must be identified. Also of interest is howAdditionally, 309 

it is noteworthy that the trend shift in oceanic evaporation might affect the global salinity 310 

distribution, and in turn the global thermohaline circulation. Remarkably, the SST-Sahel 311 

teleconnection seems to be stronger with the Indian Ocean (negative correlation) and 312 

Mediterranean index (positive correlation) in about 50% of the years of that era (Fontaine et al., 313 

2011), which led us to conclude that the resemblance between global trends and trends in the Sahel 314 

makes it difficult to attribute changes in the Sahel to only a single teleconnection. Largely, the 315 

horizontal transfer of heat flux from oceans to the Sahel region through precipitation variability 316 

(or opposite) has been highlighted.  317 

Furthermore, our experiments confirm the hypothesis that the south Indian Ocean, east Pacific 318 

Ocean, and Atlantic Ocean significantly influence not only regional climate anomalies, as Bader 319 

and Latif (2003) suggested, but also the relationship between global changes in SSTs and the Sahel 320 

region’s rainfall variability, as revealed by Folland et al. (1986). The conclusion, which one can 321 

draw from these various studies, is that the Sahel constitutes the world’s largest area in which this 322 

trend shift occurred.  Rainfall or dry conditions in the West African Sahel region can definitely be 323 

associated with the role of the global oceans. 324 

 325 
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Table 1. Summary of Results for JAS Meteorological Parameters. “Positive” indicates that a shift 479 

from decrease to increase occurred during 1950 to 2012; “negative” indicates a shift from 480 

increase to decrease. 481 

 482 

 Sahel rain SST LHF Wind Humidity deficit 

Northern 
hemisphere 

Positive Positive Positive Positive 
(tropical Pacific) 

Positive 

Southern 
hemisphere 

 Negative Positive Positive Positive 
(Pacific) 

  483 



 484 

 485 



Figure Captions 486 

Figure  487 

Fig.1. Long-term (1950–2012) Climatological JAS mean summer (JAS) of North Africa region 488 
rainfall in northern Africa. averaged from 1950 to 2012. The study area defined as the Sahel region 489 
is outlined in black.in the rectangle between latitude 10-20°N and longitude 8°W-30°E. The unit is 490 
mm.   491 

 492 

 493 

494 



 495 

 496 

Figure 2. Time series of JAS Sahel rainfall (mm) and mean LHF  (WmW m-2) from oceans from 497 
1950 to 2012.   498 
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Figure 3. Global maps of the trend shift for (a) JAS precipitation PREC_L (mm 10years-1) and), 500 
(b) annual precipitation., (c) JAS precipitation GPCC and (d) JAS precipitation University of 501 
Delaware. Shading denotes δtanθ. Hatching represents areas where trends changed sign 502 

between the two parts of the study period ( tanθ1 ∙ tanθ2 < 0).  503 

 504 

 505 

 506 

Figure 4. (Left) Trend shifts in SST (K/10years-1) and (Right) latitude profile of its zonal mean. 507 
Land areas display trend shifts in JAS precipitation from Fig. 3a. 508 

 509 

Figure 5. (Left) Trend shifts in latent heat flux (Wm-2 10years-1) and (Right) latitude profile of its zonal 510 
mean. Land areas display trend shifts in JAS precipitation from Fig. 3a. Hatching represents areas 511 

where trends changed sign between the two parts of the study period ( ). 512 
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Figure 5. Global maps of the LHF trend shift over the oceans for (a) JAS-NCEP  (W m-521 
2/10years) and (b)JAS-JRA55. Land areas display trend shifts in JAS precipitation from Fig. 3a. 522 
Shading denotes . Hatching represents areas where trends changed sign between the two 523 

parts of the study period ( ).   524 
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 526 

Figure 6. (Left) Trend shifts in scalar wind speed over the ocean (msm s-1/10years-1) and (Right) 527 
latitude profile of its zonal mean. Land areas display trend shifts in JAS precipitation from Fig. 528 
3a. Hatching represents areas where trends changed sign between the two parts of the study 529 

period ( ). 530 0tantan 21 <⋅ θθ
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 532 

Figure 7. (Left) Trend shifts in the humidity deficit  (gkgg kg-1/10years-1) over the ocean and 533 
(Right) latitude profile of its zonal mean. Land areas display trend shifts in JAS precipitation 534 
from Fig. 3a. Hatching represents areas where trends changed sign between the two parts of the 535 

study period ( ). 536 

 537 
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Figure 8. 540 

Figure 8. Trend shift vector map of moisture flux using JRA-55 (kg m-1 s-1/10years, 1958-2014: 541 
JAS). Orange bold vector and hatching represent areas where northward or eastward moisture flux 542 

trends changed sign between the two parts of the study period ( ). 543 0tantan 21 <⋅ θθ



 544 

Figure 9. Schematic diagram of possible processes linking Sahel precipitation and the global ocean. 545 
The arrows represent increases or decreases in a parameter during 1950–1984 and 1985–2012. 546 
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