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or…

Why we need aquaplanet simulations 

to help sorghum farmers in the Sahel

1. What	climate	information	is	needed	for	adaptation(s)	in	the	Sahel?		
2. How	“good”	are	the	models	that	provide	it?		
3.	Is	that	“good	enough”	for	reliable	projections?		
4.	A	hierarchy	of	models:	Understanding	what	we	must	get	right.



The Sahel: the shore of a sea of sand.
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Chad (1,284,000 km²) is 3.0 times as big as California (US) (423,970 km²).
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Agriculture & Animal Husbandry  are the 
main economic activities. 



The African Sahel is a semi-
arid region with a monsoon 

climate, with rainfall only 
during the summer months. 

80% of the rainfall is 
brought by mesoscale 

convective systems (MCSs)

Sahel Rain is seasonal, scarce, and episodic 



The Past & The Present:  
Rainfall scarcity  determines agricultural impacts

SOWING	DAY

FALSE	START

Sultan	et	al	2014

	



The Future:  
Heat emerges as the dominant hazard for yields

WETTER

DRIER

Environ. Res. Lett. 8 (2013) 014040 B Sultan et al

Figure 2. The effect of rainfall and temperature changes on mean crop yield. Mean crop yield change (%) relative to the 1961–90 baseline
for 7 temperatures (x-axis) and 5 rainfall (y-axis) scenarios. Results are shown as the average over the 35 stations across West Africa and the
6 cultivars of sorghum and millet. White triangles and circles are the projected anomalies computed by several CMIP3 GCMs and three
IPCC emission scenarios (B1, A1B, A2) for 2071–90 and 2031–50, respectively. Projections from CMIP5 GCMs and three RCPs (4.5, 6.0
and 8.5) are represented by grey triangles and circles. Models and scenarios names are displayed in figure S2 (available at stacks.iop.org/
ERL/8/014040/mmedia). Past observed climate anomalies from CRU data are also projected by computing 10-year averages (e.g. ‘1940’ is
for 1941–50). All mean yield changes are significant at a 5% level except boxes with a diagonal line.

The results presented in figure 2 show the effect of rainfall
and temperature changes on mean crop yield (averaged across
all varieties of sorghum and millet). We found that mean
crop yields decreased in 31 of the 35 climate scenarios
(figure 2) mainly as a response to temperature warming.
When warming exceeded 2 �C, mean crop yields were always
found to decrease significantly; rainfall changes being only
able to modulate the magnitude of this negative impact.
The worst case occurred when both heat and water stresses
were combined. Based on the analysis of crop simulations
we found that three key processes, and their interactions,
accounted for the detrimental effect of temperature increase
on crop yield. First the water stress was amplified with
an increase of potential evapotranspiration (+8% for a
4 �C warming) in water-limited soils, where the crop roots
could not take up more water. Second, the maintenance
respiration per biomass unit increased dramatically (+30%
for a 4 �C warming) and the biomass production consequently
decreased. Third, the crop-cycle length was reduced (by up
to 10 d for a 4 �C warming), which also resulted in reduced
biomass production. As temperature is expected to increase
in all IPCC climate change scenarios (table S3 available at
stacks.iop.org/ERL/8/014040/mmedia), the negative impact
on crop yields is a very robust result, especially for long-term
projections (2071–90) in which warming over sub-Saharan
West Africa is projected to exceed +2 �C in about 70% of the
IPCC climate scenarios. Despite uncertainty in future rainfall
changes, which are inconsistent across climate models and
scenarios in CMIP3 simulations, and the projected increase
of rainfall in CMIP5 simulations, the warming signal led
to a yield reduction greater than 10% from the present-day
value in nearly 50% of the climate medium-term projections
(2031–50), and in more than 80% of long-term projections

Figure 3. Historical and future mean yield changes. (a) Relative
yield change probability in the 20th century derived from mean
yearly climate (temperature and rainfall) anomalies according to
CRU data. (b) Relative yield change probability for years 2031–50
according to GCM projections (both CMIP3 and CMIP5
simulations; see tables S2 and S3 (available at stacks.iop.org/ERL/
8/014040/mmedia) for GCMs and scenario names). (c) Same as (b),
but for 2071–90. All yield change values are averaged over the 35
stations across West Africa and the 6 cultivars of sorghum and
millet.

(figure 3). Future projections lie outside the domain of
observed climate fluctuations over the past century (figure 2).
Historical climate data from Climatic Research Unit (CRU)
show important rainfall decadal fluctuations relative to the
1961–90 baseline: from +19% in the 1950s to �9% in

5

Sultan	et	al	2013



Naylor & Battisti, 2009

Growing Season Temperature Projections: 
Unprecedented Heat 
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Adaptation Options

(strictly)

(      )



Adaptation Options

Temperature

Rain

Temperature	Hazard:	Adaptation	(e.g.	
new	heat-resistant	cultivars)	is	more	
likely	to	happen	at	the	institution	level	
(no	buy-in	from	farmers	who	won’t	see	
immediate	advantage).

Rainfall	Hazards:	“Adaptation”		
(to	dry	spells,	drought,	heavy	rainfall)	is	
the	priority	at	the	local	level,	because	it	
constitutes		“climate	smart”	
development.	Is	it	a	true	adaptation?		
Is	the	hazard	made	worse	by	AGW?



The Future:  
Rainfall still matters & Changes are uncertain!

How come? Are the models any good?

!

!

!

Figure!12:!!Future!Projections.!Summer!(JAS)!rainfall!changes!(mm/day)!simulated!by!(a)!cmip3!and!(b)!
cmip5!multi6model!ensemble!means.!Changes!are!calculated!between!the!sresa1b!and!historical!experiments!

for!cmip3!and!the!rcp45!scenario!and!the!historical!experiments!for!cmip5!(206562095!vs!197061999).!The!

stippling!indicates!grid!boxes!where!50%!of!the!models!simulate!either!positive!or!negative!changes.!c)!JAS!

Sahel!rainfall!indices!for!the!cmip3,!cmip5!multi6model!ensembles!and!the!CRUTS3.1!observations!(see!the!

box!for!the!domain).!The!time!series!are!in!unit!of!mean!JAS!rainfall!where!the!mean!is!calculated!for!the!

period!190161999.!The!one!standard!deviation!spread!is!shown!by!the!orange!envelope!for!the!cmip5!

ensemble!and!by!the!blue!dotted!lines!for!the!cmip3!ensemble.!All!indices!have!been!low6pass!filtered!using!a!

8!years!running!average!(modified!from!Biassuti!et!al.,!2013)!
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Figure 2. The effect of rainfall and temperature changes on mean crop yield. Mean crop yield change (%) relative to the 1961–90 baseline
for 7 temperatures (x-axis) and 5 rainfall (y-axis) scenarios. Results are shown as the average over the 35 stations across West Africa and the
6 cultivars of sorghum and millet. White triangles and circles are the projected anomalies computed by several CMIP3 GCMs and three
IPCC emission scenarios (B1, A1B, A2) for 2071–90 and 2031–50, respectively. Projections from CMIP5 GCMs and three RCPs (4.5, 6.0
and 8.5) are represented by grey triangles and circles. Models and scenarios names are displayed in figure S2 (available at stacks.iop.org/
ERL/8/014040/mmedia). Past observed climate anomalies from CRU data are also projected by computing 10-year averages (e.g. ‘1940’ is
for 1941–50). All mean yield changes are significant at a 5% level except boxes with a diagonal line.

The results presented in figure 2 show the effect of rainfall
and temperature changes on mean crop yield (averaged across
all varieties of sorghum and millet). We found that mean
crop yields decreased in 31 of the 35 climate scenarios
(figure 2) mainly as a response to temperature warming.
When warming exceeded 2 �C, mean crop yields were always
found to decrease significantly; rainfall changes being only
able to modulate the magnitude of this negative impact.
The worst case occurred when both heat and water stresses
were combined. Based on the analysis of crop simulations
we found that three key processes, and their interactions,
accounted for the detrimental effect of temperature increase
on crop yield. First the water stress was amplified with
an increase of potential evapotranspiration (+8% for a
4 �C warming) in water-limited soils, where the crop roots
could not take up more water. Second, the maintenance
respiration per biomass unit increased dramatically (+30%
for a 4 �C warming) and the biomass production consequently
decreased. Third, the crop-cycle length was reduced (by up
to 10 d for a 4 �C warming), which also resulted in reduced
biomass production. As temperature is expected to increase
in all IPCC climate change scenarios (table S3 available at
stacks.iop.org/ERL/8/014040/mmedia), the negative impact
on crop yields is a very robust result, especially for long-term
projections (2071–90) in which warming over sub-Saharan
West Africa is projected to exceed +2 �C in about 70% of the
IPCC climate scenarios. Despite uncertainty in future rainfall
changes, which are inconsistent across climate models and
scenarios in CMIP3 simulations, and the projected increase
of rainfall in CMIP5 simulations, the warming signal led
to a yield reduction greater than 10% from the present-day
value in nearly 50% of the climate medium-term projections
(2031–50), and in more than 80% of long-term projections

Figure 3. Historical and future mean yield changes. (a) Relative
yield change probability in the 20th century derived from mean
yearly climate (temperature and rainfall) anomalies according to
CRU data. (b) Relative yield change probability for years 2031–50
according to GCM projections (both CMIP3 and CMIP5
simulations; see tables S2 and S3 (available at stacks.iop.org/ERL/
8/014040/mmedia) for GCMs and scenario names). (c) Same as (b),
but for 2071–90. All yield change values are averaged over the 35
stations across West Africa and the 6 cultivars of sorghum and
millet.

(figure 3). Future projections lie outside the domain of
observed climate fluctuations over the past century (figure 2).
Historical climate data from Climatic Research Unit (CRU)
show important rainfall decadal fluctuations relative to the
1961–90 baseline: from +19% in the 1950s to �9% in
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TEST: 20th  Century Sahel Drought

1950-2000

Lu	and	Delworth	2005

Continental scale
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20th  Century Sahel drought was paced by SST

Giannini	et	al.	2003

AGCM 
driven by 
observed 

SST 

AGCM: “Good” hindcast of  
(low-frequency) variability. 



Are Coupled Models “Good”?

Variability	is	too	small

The	relationship	with	SST	is	captured

The	seasonality	is	captured



Are Coupled Models “Good Enough” ?

Are observations (of the past) enough to constraint projections 
(of the future)?



Are Coupled Models “Good Enough” ?

Are observations (of the past) enough to constraint projections 
(of the future)?

Is the quality of the hindcast of the 20th century variability an 
appropriate discriminant for the quality of projections?



Are Coupled Models “Good Enough” ?

Are observations (of the past) enough to constraint projections 
(of the future)?

Only if the mechanism behind future trends has been tested 
within the 20th century sample!

Is the quality of the hindcast of the 20th century variability an 
appropriate discriminant for the quality of projections?



Assume future Sahel trends will also be paced by SST

But future trends in SST will be different!  
IDEA: encapsulate the mechanism of the 20th century 

variability in a linear link from SST to Sahel rainfall 
and apply it to the 21st century



The 20th century trend is created by a mechanism 
seen  at interannual time scales
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Simulated	by	CGCMs

20C	Sahel	Trends

Atlantic	gradient:	NTA(7°N-30°N)-STA(20°S-7°N)		
Indo-Pacific:	20°S–20°N,	50°E–90°W



Simulated	by	CGCMs

21C	Sahel	Trends
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Projections	for	21st	century	
summer	rainfall	don’t	seem	
consistent	with	projections	
of	SST	changes	if	we	assume	
the	same	relationship	of	the	
past	between	precipitation,	
Atlantic	gradient,	and	Indo-
Pacific	SST.	

The 21st  century trend is NOT created by the dominant 
mechanisms for variability during the 20th century



Let’s	try	those	SST	indices	that		explain	past		
multi-decadal	trends	(shifts)
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show that the ITCZ neither simply follows the insolation maximum5,16–18,
nor the sinusoidal seasonal variations of the interhemispheric tempera-
ture contrast. What mechanisms control the position of the ITCZ and its
rainfall intensity is an important unanswered question in climate dynamics.

The ITCZ rainfall is fed by warm and moist trade winds near the sur-
face (Figs 1a and 2). Their convergence leads to ascent of air masses, cool-
ing, condensation and precipitation from deep convective clouds. In the
upper troposphere, the air masses detrain from the clouds and diverge. They
flow away from the ITCZ in the zonal mean, descend in the subtropics, and
flow back along the surface towards the ITCZ, forming the meridionally

overturning Hadley circulation (Fig. 4). The ITCZ must be understood as
one facet of meridional overturning circulations and zonal overturning
circulations such as the Walker circulation: as the location of their ascend-
ing branches. The ITCZ varies with the overturning circulations. The atmo-
spheric circulations, in turn, interact with circulations in the underlying
oceans, which modify the thermal conditions at the surface that drive the
atmospheric circulations (Fig. 4).

Observations and simulations indicate that the ITCZ migrates merid-
ionally and its rainfall intensity changes when the atmospheric energy bal-
ance shifts19–32. Elucidating how such ITCZ variations occur is the purpose
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Figure 2 | Seasonal migration of the ITCZ over the Pacific and in the South
Asian monsoon sector. Mean precipitation (colour scale) and surface winds
(vectors) as a function of time of year averaged zonally over the Pacific
(160uE–100uW) (a) and the South Asian monsoon sector (65uE–95uE) (b).
(The annual cycle over the Atlantic is similar to that over the Pacific shown
here, with slightly farther-southward (down to 2uN) excursions of the ITCZ in
boreal winter.) The ITCZ (precipitation maxima) is marked by red lines. The
seasonal ITCZ migration is sinusoidal with a moderate amplitude over the
Pacific, away from continents; zonal winds remain easterly year-round (a). The
seasonal ITCZ migration features abrupt and large shifts in the South Asian

monsoon sector, marking the onset and retreat of the summer monsoon; zonal
winds north of the Equator turn westerly at monsoon onset (b, see Box 1). The
precipitation data are the daily TMPA data62 averaged over 1998–2012. The
data are smoothed temporally and meridionally by robust local linear
regressions, spanning 11 days in time and 1u in latitude. The wind data are the
10-m winds from the ECMWF interim reanalysis44 for the same years. The
longest wind vector (in the South Asian monsoon sector at 18u S in September)
corresponds to a wind speed of 9.1 m s–1, and vector components to the left and
right indicate westward and eastward wind components, respectively.
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Figure 3 | Holocene ITCZ migrations, Indian
monsoon and interhemispheric temperature
contrast. a, Past 12,000 years. The temperature
contrast between the extratropics of the Northern
and Southern hemispheres (black) is strongly
correlated with proxies of runoff into the Cariaco
basin (red) and of Indian monsoon rainfall (blue).
The temperature contrast is derived from the
regularized expectation-maximization
reconstructions in ref. 78, for areas poleward of
30uN and 30u S. The Cariaco runoff proxy is
elemental titanium (Ti) in the ODP site 1002
sediment core (Fig. 1a), smoothed by a three-point
running mean7. Higher Ti concentrations indicate
more terrestrial runoff and rainfall, interpreted as a
farther-northward ITCZ excursion in boreal
summer6,7. Declining Ti concentrations indicate a
southward migration of the boreal-summer ITCZ
over the later Holocene. The Indian monsoon
proxy is the abundance of oxygen-18 (d18O),
relative to the Vienna Pee Dee Belemnite (VPDB)
standard, in radiometrically dated cave stalagmites
in Oman9 (Fig. 1a). Increasing d18O values indicate
weakening summer monsoon rainfall. b, Past
1,000 years. Ti in Cariaco sediments (red), with a
higher-resolution reconstruction98 of Northern
Hemisphere temperatures (black, 20-point
running mean). (Southern Hemisphere
temperatures changed little during this time83.)
c, Past century. Temperature contrast between
Northern and Southern hemisphere extratropics
(poleward of 24uN and 24u S) based on
instrumental data60 (black), and average daily rainfall
over the Sahel (12u–18uN, 20uW–35uE) during
June–October based on land station data99 (blue). All
temperatures and temperature contrasts are given as
anomalies relative to the 1960–91 AD mean.
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The 21st  century trend is still related to SST, but the 
relationship is not stationary

! We gain insight in emerging processes 

" past SST-driven variability is not a good discriminant!
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The 21st  century spread in JAS rainfall trends 
remains unconstrained

1.We	don’t	know	future	SSTs

Park	et	al

	3.	We	cannot	use	past	variability	
to	validate	future	SST/rainfall	
relationship

Giannini	et	al

	2.	We	do	not	know	what	the	
SST/rainfall	relationship	
should	be

Hill	et	al.	



Are Coupled Models “Good Enough”  for rainfall 
projections in the Sahel?

20th century variability is not an appropriate discriminant for the 
quality of rainfall projections

What about the annual cycle? 
(after all, it is the externally forced signal par excellence!)



 The annual cycle of Sahel rainfall changes 
in response to increased GHG

The	projections	for	the	Sahel	tell	us	that	
the	annual	mean	anomalies	are	not	very	
meaningful.		

But	if	we		can	describe	the	dynamics	of		
the	seasonal	cycle	we	might	also	describe	
its	changes	in	the	future.		



Fig. 4. Precipitation percent di↵erence (colors) between the 17-model ensemble mean
RCP8.5 minus Hist, with masking for areas where climatological precipitation is less than .5
mm/day. Map shows June for northern and November for southern hemispheres. Stippling
indicates significance at the 1% level. Individual model monthly precipitation di↵erences
(mm/day, RCP8.5 - Hist) given in bar charts for each region as specified in the map.
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 The precipitation delay is tropic-wide
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Yet, a distinction between the ITCZ and the monsoon is 
necessary to understand changes in Sahel rainfall
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 A delay in the ITCZ  seasonal progression  
can be explained by SST  warming 
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 The  delay in the Sahel rainy season 
CANNOT be explained by SST  warming 
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The	direct	effect	of	CO2	is	to	increase	land	rainfall	and	
delay	the	peak	

Effect	of	4xCO2 Effect	of	SST	+4K	warming	and	pattern	change Linear	Combination Full	coupled	response
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A distinction between the ITCZ and the monsoon is 
necessary to understand Sahel rainfall
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Figure 3: The energy-budget framework for the tropical rain bands. (a) The seasonal evolution of the zonal mean
observed climatological rainfall (dashed contours, only the 4, 6, and 8mm/day isolines are shown) and ITCZ position
(defined as the centroid of zonal-mean rainfall within 20� N/S; green line) are superimposed on a reanalysis-based
estimate of the zonally and vertically integrated atmospheric energy transport (shaded, warm and cool colors indicate
northward and southward transport, respectively, and the white area indicates the energy flux equator, units of PW). (b)
The seasonal relationship between the vertically integrated atmospheric energy flux at the equator (Fo) and the ITCZ
position. The energy flux associated with the net mass movement between the hemisphere is retained here, leading
to a phase lag between the two fields. The slope of the relationship, given by the direction of the major axis of the
ellipse, indicates a 3o shift for a 1 PW energy flux, consistent with calculations that omit the barotropic circulation27.
(c) Schematic of the ITCZ (depicted over an oceanic surface, blue half on the left) and monsoon (depicted over a
continental surface, green half on the right) circulations. The summer and winter Hadley cells (dark solid lines) meet
in the northern tropics, close to where the low-level moist static energy (MSE) is maximum (darker shading at the
surface), consistent with convective quasi-equilibrium theory. Most upward motion and thus most rainfall occurs in
the ascending branch of the stronger, winter cell, so maximum rainfall is slightly equatorward of the Hadley cell
boundary and the energy-flux equator. As is the case for the ITCZ, rainfall associated with the monsoonal circulation
is positioned slightly equatorward of the maximum surface moist energy (dark blue shading) and is associated with
large-scale ascent in local meridional overturning cells whose strength is greater when the ascent is further away
from the equator. Key distinctions for the monsoons are in the complexity of the circulation and the distribution of
cloud types. Notice in the left side of the diagram the presence of a shallow circulation with ascent poleward of
the rain band and a dry return flow, the rotational circulations associated with the low-level cyclone (light and dark
blue arrows indicate negative and positive contribution to MSE), mid- and upper-level land anticyclones, and the
oceanic anticyclone (anticyclonic circulations are depicted with grey arrows). Notice also the deeper and more intense
convection over land, higher cloud bases and wider updrafts, less rain from warm cloud, and more re-evaporation of
rain. This schematic highlights those aspects of an hypothetical “essential” monsoons that are addressed in this paper.
It is not meant to represent any particular monsoon system, as each is highly affected by the geometry of the continent,
the location and orientation of orography, the geographical distribution of surface types, including deserts, and oceanic
processes unique to each ocean basin.
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or :

Why we need aquaplanet simulations to help 

sorghum farmers in the Sahel



We need a theory for the annual cycle of the 

monsoon & ITCZ

…enters	TRACMIP
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1. Low	heat	capacity	

2. Brighter	than	water	

3. Resists	evaporation	

4. Does	not	transport	heat

Aquaplanet		OR		Aquaplanet	+	“jell-o”	continent



faster	reaction	to	insolation	
over	land

(unsurprisingly)	Adding	a	continent	changes	the	
annual	cycle	of	the	rain	bands

extended	to	the	ocean	
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TRACMIP	LAND4xTRACMIP	AQUA4x

Adding	a	continent	changes	the	annual	cycle	of	the	
response	to	4xCO2:	the	monsoon	is	delayed!

meridional	shift	of	the	
ITCZ

meridional	shift	of	the	ITCZ	
+	delay	of	the	monsoon!
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1. Validating a future projection with past observations requires 
understanding the relevant mechanisms and validating those. 
Model consensus is not (would not be!) sufficient. 

2. Variability & trends in Sahel rainfall depend on SST in a non-
stationary way.  

3. The annual cycle of the monsoon might be a better analog 
than past variability for the 21st century trend. 

4. We can get started with mitigation & global adaptation to 
warming (hugely important!), but we don’t yet have reliable 
projections for prioritizing regional adaptation.  

5. We still need theory!  

Conclusions


