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Abstract

Shifts in the latitude of the intertropical convergence zone—a region of intense
tropical rainfall—have often been explained through changes in the
atmospheric energy budget, specifically through theories that tie rainfall to
meridional energy fluxes. These quantitative theories can explain shifts in the
zonal mean, but often have limited relevance for regional climate shifts, such
as a period of enhanced precipitation over Saharan Africa during the mid-
Holocene. Here we present a theory for regional tropical rainfall shifts that
utilizes both zonal and meridional energy fluxes. We first identify a qualitative
link between zonal and meridional energy fluxes and rainfall variations
associated with the seasonal cycle and the El Nifio/Southern Oscillation. We
then develop a quantitative theory based on these fluxes that relates
atmospheric energy transport to tropical rainfall. When applied to the orbital
configuration of the mid-Holocene, our theory predicts continental rainfall
shifts over Africa and Southeast Asia that are consistent with complex model
simulations. However, the predicted rainfall over the Sahara is not sufficient to
sustain vegetation at a level seen in the palaeo-record, which instead requires
an additional large energy source such as that due to reductions in Saharan
surface albedo. We thus conclude that additional feedbacks, such as those
involving changes in vegetation or soil type, are required to explain changes in
rainfall over Africa during the mid-Holocene.
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The vertically integrated atmospheric energy budget has become a widely used
means of understanding tropical rainfall changes. It was first used 30 years ago
to relate time-mean tropospheric ascent, and thus rainfall, to the humidity
distribution and to energy fluxes through the top and bottom of the tropical
atmosphere1. More recently, this energy budget was shown to link meridional
intertropical convergence zone (ITCZ) shifts with remote, high-latitude
thermal forcings such as those in the last deglaciation234. Tropical rainfall
shifts are linked to remote energy sources by the Hadley circulation, which
transports energy meridionally away from its ascending branch (the ITCZ) in
the same direction as upper-tropospheric winds, balancing the net tropical
radiative energy source and the net high-latitude sink. Given an anomalous
energy source imposed in one hemisphere, an anomalous Hadley circulation
can restore local energy balance; the circulation anomaly constitutes an ITCZ
shift toward the hemisphere containing the positive anomalous energy sources.

These ideas hold quantitatively, with zonal mean ITCZ position correlating
with zonal mean meridional atmospheric energy transport (AET). In the
observed seasonal cycle and in global climate model (GCM) simulations of the
mid-Holocene and Last Glacial Maximum, the ITCZ shifts northward by
roughly 3° latitude for every petawatt of southward cross-equatorial AETs.
This scaling, which has been generalized by linearizing AET anomalies about
the modern climate statez, constitutes a theory for ITCZ latitudes. However,
this zonal mean theory has limited relevance to regional changes: the zonal
mean [TCZ was estimated to shift less than 1° latitude between today and
either the Last Glacial Maximum or mid-Holocene, while climate proxies
indicate regional ITCZ (we use ITCZ synonymously with regions of intense
time-mean tropical rainfall) displacements larger than 5° latitudes. Taylor
expansions of cross-equatorial AET at a given longitude have been used to
diagnose local meridional ITCZ shiftsio, but this requires knowing the cross-
equatorial AET and gives no information on zonal ITCZ shifts. Thus, we lack a
quantitative theory to explain even the order of magnitude of regional ITCZ
shifts produced by an arbitrary energy source.

This lack of theory has been particularly troubling for the mid-Holocene, 6 kyr
ago. Precipitation proxies indicate that the Sahara was wetter when the boreal
summer northward insolation gradient was enhanced in the mid-
Holocene11121314, but simulations by three generations of palaeoclimate
models consistently underpredict the northward expansion of African


https://www.nature.com/articles/ngeo2833#ref14
https://www.nature.com/articles/ngeo2833#ref13
https://www.nature.com/articles/ngeo2833#ref12
https://www.nature.com/articles/ngeo2833#ref11
https://www.nature.com/articles/ngeo2833#ref10
https://www.nature.com/articles/ngeo2833#ref9
https://www.nature.com/articles/ngeo2833#ref8
https://www.nature.com/articles/ngeo2833#ref7
https://www.nature.com/articles/ngeo2833#ref6
https://www.nature.com/articles/ngeo2833#ref5
https://www.nature.com/articles/ngeo2833#ref4
https://www.nature.com/articles/ngeo2833#ref3
https://www.nature.com/articles/ngeo2833#ref2
https://www.nature.com/articles/ngeo2833#ref1

rainfalli51617. Saharan rainfall consistent with proxies can be simulated when
Saharan surface properties are changed to those of a grassland 18192021, but this
result relies entirely on integrating complex climate models. The zonal mean
atmospheric energy budget was invoked to explain this response to albedo
variationsz, but that framework provides only qualitative understanding of
regional Saharan change. A quantitative theory for the regional response to
orbital forcing remains a key missing component in climate studies.

Here we demonstrate that zonal energy transports can be just as important as
meridional transports in their association with regional rainfall. We review this
association qualitatively for the El Nifio/Southern Oscillation (ENSO), and
then develop a quantitative theory for mid-Holocene precipitation shifts. To be
clear, any theory for ITCZ shifts must be augmented by theories for changes in
precipitation intensity and spatial structure; these are expected to be important
for the response to global warming2s or cooling24, in contrast to the response to
orbital precession2s.

The importance of zonal energy fluxes

ENSO is a prominent mode of climate variability, yet has a small effect on
zonal mean precipitation and AET. Zonal mean rainfall increases on the
Equator and decreases near 20° N and 20° S during El Nifio, but these changes
are relatively small (Fig. 1a). The zonal mean ITCZ, represented by the tropical
precipitation centroid (see Methods), shifts southward by about 1° latitude
during El Nifio. The latitude where zonal mean AET passes through zero,
which is called the energy flux equator (EFE) and which has been shown to
move meridionally with the ITCZ, shifts southward by even less. These shifts
are not expected to fit the 3°-per-petawatt scaling because the net energy input
to the equatorial atmosphere (the slope of the AET curve) also changeszs, from
about 15 W m? during La Nifa to 20 W m during El Nifio.

Figure 1: One-dimensional perspective on the importance of zonal
energy fluxes during the El Nifio/Southern Oscillation.
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a, Zonal mean northward atmospheric energy transport (red lines)
and zonal mean precipitation (blue) during composite El Nifio (solid)
and La Nina (dashed) events. The precipitation (precip.) centroid is
marked by a star for El Nifio and a circle for La Nifia. b, As in a but
showing meridional means between 20° S—20° N and eastward
instead of northward atmospheric energy transport.

Full size image

These zonal mean shifts are small compared with the east-west shifts that
dominate ENSO; although well-known262728, ENSO’s zonal AET changes have
not been incorporated into a theory for regional precipitation. We average
precipitation and eastward AET between 20° S and 20° N, then calculate the
longitude of the precipitation centroid and find locations where the eastward
AFET is zero. There are four such locations, but only the two in regions of
divergent fluxes (where the AET slope is positive) are expected to be
associated with precipitating ascent. One lies in the west Pacific (near 150° E)
about 500 km east of the global precipitation centroid (Fig. 1b), while the other
lies near a secondary rainfall maximum over South America (near 300°

E; Supplementary Fig. 1). The precipitation centroid shifts eastward by 22°
longitude between La Nifia and El Nifio composites, and the longitude at
which the eastward AET is zero moves eastward by 19°. Thus, precipitation
and AET behave as expected for a time-mean tropical overturning circulation,
with the precipitation centroid shifting zonally with the location of zero
eastward AET.

Divergent energy transports in 2D

Now we generalize these ideas to two dimensions and show qualitative
consistency between rainfall and AET for the seasonal cycle and ENSO. Our
arguments rest on the idea that the divergent (that is, irrotational) component
of time-mean wind, which produces nearly all tropical rainfall29, is closely
associated with the divergent component of tropical AET (see Supplementary
Information for demonstration of this in a canonical idealized model).
Following previous studies1026, we introduce the ‘energy flux potential’, ¥,

where v is vector wind, & is moist static energy, ¢ is gravitational acceleration,
and with integration from surface pressure p. to top of the atmosphere (TOA).
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The gradient of x is the divergent component of AET, and the Laplacian of ¥ is,
in a seasonal mean, equal to the net energy input to the atmospheric column
(energy flows from low to high y, with ydefined up to an additive constant).
There is large zonal and meridional structure in Y in the low-latitude summer
hemisphere, indicating that zonal and meridional components of divergent
AET, hereafter denoted u, and v,, respectively, have comparable magnitudes

there (Fig. 2a, b).

Figure 2: Two-dimensional views of precipitation and divergent

energy transports, visualized using the energy flux potential, X.
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a,b, Climatologies for June—August (JJA; a) and December—February
(DJF; b) of CMAP precipitation (shading, interval 2 mm d-), x (red
contours, interval 0.1 PW, with equatorial extrema being minima), the
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divergent vertically integrated atmospheric energy flux (vectors), and
zero lines of the meridional and zonal divergent energy flux (the EFE
and EFPM; cyan lines), from ERA-Interim. ¢, Difference between
annual mean El Nifo and La Nifa composites in x (contours, interval
0.04 PW, negative dashed) and precipitation (shading, interval 1 mm
d-), and the 6 mm d- total precipitation isoline during La Nifa (green
contour). d, Annual, climatological mean precipitation (shading,
interval 1 mm d-) and x(contours, interval 0.1 PW), and the EFE and
EFPM during El Nifio (magenta) and La Nifia (cyan).

Full size image

Ascending branches of time-mean meridional overturnings are expected to lie
near latitudes where both v, = 0 and 9,0, > 0 (the EFE), while ascent in time-
mean tropical zonal overturnings are expected to lie near longitudes where u, =
0 and d.u, > 0. We call the latter an energy flux prime meridian (EFPM),
recognizing that there can be more than one at each latitude. Shifts in the EFE
and EFPM (cyan lines in Fig. 2a, b) are thus expected to accompany shifts of
time-mean precipitation. This is a generalization to two dimensions of previous
constraints on ITCZ latitudess7 and provides information on zonal rainfall
variations not available from the EFE alone. Heavy rainfall generally occurs
near the EFE, but is enhanced near an EFPM (for example, the Bay of Bengal
during boreal summer and the equatorial west Pacific and South America
during austral summer). The EFE and EFPM are not exactly collocated with
precipitation maxima due to energy advection by rotational flow

(see Supplementary Information), transient eddies3o, and variations in gross
moist stability31 (the proportionality constant that relates fluxes of mass and
energyl), yet anomalies in EFE and ITCZ positions have been shown to be
highly correlated in regional domainsio.

These ideas can be used to understand changes in divergent AET and rainfall
during ENSO. Composites of Y show anomalous energy flux divergence from
the east Pacific during El Nifio, with strong anomalous zonal AET in the west
Pacific (Fig. 2c). The eastward shift in rainfall during El Nifio is seen as a zonal
dipole in anomalous Pacific rainfall spanning the region of strong anomalous
divergent AET. The rainfall maximum shifts in the same direction as the west
Pacific EFPM (Fig. 2d), opposite the anomalous divergent AET. Rainfall
maxima in the eastern Pacific and over South America also shift with the local
EFPM, with weaker rainfall anomalies there consistent with the weaker
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climatological mean rainfall. Meridional shifts in the South Pacific convergence
zone and east Pacific ITCZ also accompany the local EFE shifts, as noted
previouslyio.

A theory for mid-Holocene precipitation

Six thousand years ago, the July insolation contrast between Earth’s poles was
enhanced by 30 W m~ compared with the present. An ensemble of GCMs
collected under the Paleoclimate Modelling Intercomparison Project (PMIP3)
simulated a northward shift of the boreal summer ITCZ over Africa and Asia
in response to this enhanced insolation gradient (Fig. 3a). But the zonal mean
precipitation centroid shifts northward by only 0.2° latitude in the May—
September multi-model mean; applying that shift to rainfall at each longitude
would produce anomalies not visible using the contour interval of Fig. 3 (for
example, the meridional gradient of Sahel precipitation is about 0.8 mm d-' per
degree latitude, so a 0.2° shift yields a local change of 0.16 mm d ).

Figure 3: Climate model simulations and theoretical prediction of
boreal summer response to mid-Holocene insolation anomaly.

Anomalous x (contours) and anomalous precipitation (shading,
interval 0.5 mm d-), 6 kyr ago relative to pre-industrial. a, Ensemble
mean of PMIP3 models. b, Full theoretical prediction (using our
theory for anomalous energy flux divergence). ¢, Theoretical
prediction using anomalous GCM-simulated energy fluxes. The
contour interval in all panels is 0.01 PW with negative contours
dashed, and the green contour the 6 mm d- precipitation isoline from
the pre-industrial multi-model mean. All quantities are May—
September climatological means. The panels on the right show zonal
means (over all longitudes) of the precipitation anomaly in mmd-.

Full size image

Anomalous boreal summer AET simulated by PMIP3 models is highly zonally
asymmetric, even though the insolation anomaly is zonally symmetric. Relative
to pre-industrial climate simulations, the anomalous energy flux potential, x’,
is negative over Northern Hemisphere continents and positive over the
Southern Ocean (Fig. 3a, contours), indicating more energy divergence from
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Northern Hemisphere continents during the mid-Holocene. This response
balances the insolation anomaly: seasonally enhanced downward short-wave
radiation at the surface can be stored in the ocean mixed layer but enhances
upward surface energy fluxes over land, where surface thermal inertia is small,
resulting in divergent AET. The region of high pre-industrial boreal summer
rainfall (green contour in Fig. 3a) shifts down the gradient in X" just as it did for
ENSO, moving northeastward over Africa and northward over South Asia.

Following ideas presented above, we assume that the precipitation distribution
shifts with the local EFE and EFPM. That is, precipitation in two climate states
is related by where @ is latitude, A is longitude, P is precipitation, and

subscripts 1 and 2 denote properties of pre-industrial and mid-Holocene
climates, respectively. The meridional and zonal precipitation shifts are

where @, and A, , are the EFE and EFPM, respectively, in climate state i,
and is the Heaviside function, introduced to allow a meridional shift only

within A@ = 20° latitude of the EFE and a zonal shift within AA = 80° longitude
of the EFPM. The quantities ¢, and A, are functions of longitude and latitude,
respectively, so a two-dimensional shift can be predicted at each horizontal
location. When multiple EFEs exist at a given longitude, (3) is used to

obtain O, for each EFE and these values are averaged for all EFEs before (2) is
computed, with an analogous procedure for multiple EFPMs.

This approach is novel because it predicts shifts in both longitude and latitude,
and because it determines those shifts through simple inspection of the altered
energy fluxes rather than by approximating those fluxes on the basis of their
value at a particular location such as the geographic Equatorezio or the
unperturbed ITCZ latitude32. Unlike early energy budget theoriesi, (2)-(4) do
not explicitly include a gross moist stability, but shifting the precipitation
distribution with the EFE and EFPM effectively assumes that the gross moist
stability distribution undergoes the same two-dimensional shift.

Although shifts in the EFE and EFPM could be obtained from simulated mid-
Holocene AET, that approach would be unsatisfying because it requires
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simulating the anomalous atmospheric state. Instead, we use a theory for the
anomalous AET that assumes the fraction (1 — a.) of the seasonal insolation
anomaly I not reflected to space is transferred entirely to the atmosphere over
land and absorbed entirely by ocean in marine regions, as in previous
work3s3343536 (Aroa is TOA albedo). This idealized limit of infinite ocean
buffering and vanishing continental thermal inertia yields an anomalous
energy source that can be inverted, via the Laplacian, to obtain the distribution

of X, and thus of u,” and v, needed to maintain energy balance,

where L is the local land fraction, A, is the global ocean surface area, and we
integrate globally. To avoid using information from the altered climate state
(the mid-Holocene) as input to the theory, we use model-simulated pre-
industrial albedo for a.. Despite these idealized assumptions, the resulting
distribution of x" (Fig. 3b, contours) decently matches that simulated by GCMs
over Africa and Eurasia (Fig. 3a). Larger deviations occur over ocean, which is
not surprising since ocean is not a uniform sink for anomalous radiation. The
fit is not as good for individual models, although all show qualitatively similar
spatial structure (Supplementary Fig. 6). Overall, it is remarkable that
continental maxima of " are predicted so well given only modern albedo and
orbital parameters.

When (6) is used to turn this theoretical " into an energy flux anomaly and
(2)—(4) are then used to find the rainfall shift, we obtain a theoretical prediction
of mid-Holocene rainfall. This consists of a northward shift of rainfall maxima
in most longitudes, a westward shift in the Indian Ocean, and an eastward
shift over Central America (Fig. 3b). Although there is anomalous westward
energy flux over much of Africa, the theory predicts no eastward rainfall shift
there because no EFPM exists over Africa (for example, Fig. 2a). The theory
predicts too large a shift in the east Pacific and Central America, consistent
with its poorer skill in representing oceanic . Indeed, when the GCM-
simulated X’ is used in the theory instead of (5)—(6), the difference between the
theory and GCMs is reduced over the east Pacific and Central America

(Fig. 3c). The theory predicts strongly enhanced western Indian Ocean rainfall
regardless of whether we use (5)-(6) or the simulated x’, while the GCMs
simulate weak drying there.
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Our theory for the mid-Holocene rainfall anomaly matches that simulated by
the GCMs remarkably well over North Africa (Fig. 4a), indicating that GCM-
simulated rainfall changes there can be understood as the ITCZ shift needed to
maintain energy balance given the two-dimensional distribution of the
absorbed short-wave anomaly. The fit improves mildly when the model-
simulated anomalous AET is used in the theory instead of (5)-(6), suggesting
that radiative feedbacks make a small contribution to the perturbed AET. Thus,
the simulated moist atmospheric dynamics respond to the orbital forcing as
expected given our understanding of the atmospheric energy budget; if this
response is too weak compared with proxiesis, some other mechanism is
probably involved. Furthermore, using observed distributions of present-day
albedos, energy fluxes, and precipitation as input to our theory produces
similar results (Fig. 4b), showing that model bias does not compromise the
theoretical predictions.

Figure 4: Response of African summer rainfall to mid-Holocene
insolation and albedo changes.

a, Limited zonal means over Africa (20° W—40° E) of the precipitation
difference between mid-Holocene and pre-industrial for: PMIP3
ensemble mean (black); theory using mid-Holocene insolation (inso.)
change and PMIP3 pre-industrial climate as input (dark blue); theory
using PMIP3-simulated mid-Holocene energy transport anomaly
(light blue); theory assuming a maximum Saharan surface albedo of
0.15 (light green); and theory assuming the Saharan albedo change
plus Northern Hemisphere land surface albedo reduced to 85% of
pre-industrial values (dark green). All are May—September
climatological means. The grey rectangle marks the range of mid-
Holocene boreal summer Saharan precipitation increase from pollen-
based reconstructions. b, As in a but using observed precipitation,
energy fluxes and albedo as input to the theory. The dashed line
uses monthly mean rather than seasonal mean data as input.

Full size image

Pollen-based reconstructions suggest that annual rainfall was 350 + 150 mm
higher 20° N-30° N over Africa in the mid-Holocene than today1z. If this all fell
during May-September, an average increase of 1.2 to 3.6 mm d ' is required
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during those months. The GCM multi-model mean is below this range, as is
the theoretical prediction based on the insolation change (Fig. 4).

Previous GCM simulations suggest that vegetation or soil colour feedbacks
were required to reach this precipitation range171921, which motivates using
our theory to predict the response to reduced Saharan surface albedo. We
reduce North African surface albedo larger than 0.15 to 0.15 (see Methods), and
then estimate the anomalous divergent AET needed to maintain energy
balance. We estimate this AET by multiplying pre-industrial insolation, I, by
the surface albedo change, Aas, and by the sensitivity of Q.. to surface albedo
(this sensitivity, linearized about the modern Saharan atmospheric state, is
0.73; see Methods), We sum the right-hand sides of (7) and (5) to obtain a

linearization of the AET divergence produced by the combined albedo and
insolation change, then invert this to obtain " and use (6) and (2)—(4) to obtain
the precipitation shift. When this precipitation anomaly is averaged over
African longitudes, summer rain rates of 1-3 mm d ' are found over the
southern Sahara, within the proxy range in that region (Fig. 4). The predicted
precipitation increase over the Sahel, near 15° N, is about four times the direct
response to the insolation anomaly. The direct energy source from the
insolation forcing (that is, the right-hand side of (5)) is roughly 10 W m over
most tropical and subtropical Northern Hemisphere land, while the energy
source from the albedo change (the right-hand side of (7)) is around 70 W m
but is confined to the Saharan region; the theory appropriately weights the
area, magnitude, and location of these forcings to gauge the expected response.

Since Eurasian afforestation was argued to have enhanced mid-Holocene
Saharan rainfall22, we also use the theory to calculate the response to a
reduction of land surface albedo to 85% of its pre-industrial value everywhere
north of 30° N outside of North Africa and Greenland (including North
America). Our sensitivity factor d@:./0as is probably too large for those non-
desert regions, but this forcing is meant to be idealized and could be taken to
represent changes in both vegetation and cloudiness. As in a previous GCM22,
this remote albedo change produces a modest enhancement of the response to
the Saharan albedo reduction (Fig. 4). Even this response lies well below the
proxy range over the Sahara north of 25° N, but proxies are sparse there (for
example, only two grid points of proxy data contribute between 25° and 30° N
(ref. 14)) and precipitation outside of May—-September may be important in that
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region21. Cloud feedbacks may modify the energy budgetsz, but the short-wave
and long-wave effects of tropical clouds on the column-integrated energy
budget are expected to roughly cancelss; they do not produce large
disagreement between our theory and the GCM ensemble mean. More
important might be the reduction in Saharan surface temperature expected to
occur in response to local moistening, which would reduce long-wave cooling
to space and enhance the precipitation shift.

Concluding remarks

Our theory for orbitally forced precipitation change requires only the
insolation anomaly and the unperturbed climate state (that is, pre-industrial
precipitation, AET, and TOA albedo), and does not require running a climate
model to simulate the altered AET. It shows that, in boreal summer, the mid-
Holocene is characterized by enhanced energy transport away from Northern
Hemisphere continents and a northward or inland shift in rainfall maxima. The
magnitude and direction of the anomalous divergent AET and of the regional
rainfall shift are set by the seasonal insolation anomaly rectified by the land-
sea distribution. In our theory, rainfall necessary to sustain a vegetated Sahara
requires a large positive feedback on the insolation anomaly; given the small
response to Eurasian TOA albedo change, Saharan surface albedo change
seems a good candidate, consistent with suggestions based on previous GCM
simulations171921.

Our theory could be applied to other climate perturbations, such as Heinrich
events3o, regional aerosol emissions4o, or the transient response to volcanic
eruptions4i. Caveats merit exploration, such as the effect of cloud and surface
temperature feedbacks on the anomalous energy source. Although this is a
theory for rainfall shifts, not rainfall changes in general, it provides a step
toward a quantitative, predictive theory for regional changes produced by
arbitrary energy sources.

Methods

Data and analysis methods.
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Atmospheric energy fluxes were derived from ERA-Interim, the most recent
reanalysis of the European Centre for Medium-Range Weather Forecasts
(ECMWF)42. In particular, we used monthly mean vertically integrated
atmospheric moist energy fluxes for 1979-2013 provided by the National
Center for Atmospheric Research (http://climatedataguide.ucar.edu/climate-
data/era-interim-derived-components). These energy fluxes were calculated
using a method that eliminates the residual from the vertically integrated mass
budget in each 6-hourly estimate of the atmospheric state by subtracting a
barotropic wind from the horizontal wind at each level4344; the corrected
winds were then used to calculate vertically integrated, monthly mean
atmospheric energy fluxes. Here we averaged those monthly mean fluxes of
total energy (including latent heat and kinetic energy) over the 35 years of the
data set. All boreal summer means were taken from May-September, which
coincides with the period during which the mid-Holocene insolation anomaly
is positive (Supplementary Fig. 4).

Precipitation data were obtained from the Climate Prediction Center (CPC)
Merged Analysis of Precipitation (CMAP) provided by NOAA/OAR/ESRL
PSD, Boulder, Colorado, USA, from their web site

at http://www.esrl.noaa.gov/psd. This data set provides monthly mean
estimates of precipitation rates based on satellite datass. The CMAP estimates
are available from 1979 through the present, but we used only 1979-2013 for
consistency with the ERA-Interim energy fluxes.

Surface and TOA broadband short-wave albedos, defined as the fraction of all
incident short-wave radiation that is reflected, were obtained using estimated
short-wave fluxes from the Clouds and the Earth’s Radiant Energy System
(CERES) product. In particular, we used energy balanced and filled TOA and
surface all-sky fluxes for years 2001-2015, obtained from the NASA CERES
website (http://ceres.larc.nasa.gov). These observed surface and TOA albedos
were used only in Fig. 4b.

ENSO events were classified by the Oceanic Nifio Index (ONI), an indicator
used by the National Oceanic and Atmospheric Administration (NOAA) to
monitor ENSO. The ONI is the 3-month running mean of SST anomalies in the
Nifio 3.4 region (5° S-5° N, 120°-170° W), based on the Extended Reconstructed
SST46, version 4. Anomalies were computed relative to centred 30-year means
updated every 5 years. Here we classify a year as El Nifio when the ONI
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exceeds +0.5 K (or —0.5 K for La Nina) for at least 8 out of 12 months of the
year, with a year running from July through the following June for consistency
with the typical spring/summer onset of ENSO events. The El Nifio and La
Nifa states shown in Figs 1 and 2 are simple composites obtained by averaging
over all events defined in this manner. Supplementary Fig. 2 shows El Nifio
and La Nifia states constructed using an alternate regression methodology; the
zonal shift in the EFPM is smaller than the zonal shift in the precipitation
centroid when ENSO states are constructed in that manner.

We analysed four members of the PMIP3 ensemble in this analysis (PMIP3 is
part of the Fifth Coupled Model Intercomparison Project, CMIP5); we included
those members for which all necessary TOA and surface fluxes of radiation
and enthalpy were available for both the mid-Holocene and pre-industrial era
control experiments. Model names and brief characteristics are listed

in Supplementary Table 2. The simulations were performed with models
having coupled ocean and atmosphere components or ocean, atmosphere and
carbon cycle components. Details of the PMIP3 integrations are provided in
previous literature4z. In summary, the mid-Holocene simulations contain 280
ppmv CO,, as in the pre-industrial era control, but differ from it in that CH., is
slightly lower (650 ppbv at mid-Holocene; 760 ppbv at pre-industrial era) and
orbital parameters for 6 kyr ago were prescribed.

The precipitation centroid is defined as the geographic centre of mass of the
precipitation distribution. The centroid of zonal mean precipitation is
calculated using only precipitation between 20° N and 20° S, so that half of the
area-integrated precipitation within that domain falls south of the centroid and
half falls to the north. When the longitudinal centroid of the meridionally
averaged (20° N-20° S) precipitation is computed, the centre of mass is
calculated using circular statistics4s in a global domain; restricting the domain
to the Indo-Pacific region made little difference in the results. Precipitation was
interpolated to a 0.01° grid before calculating the centroid; the same was done
for the meridional energy fluxes when calculating the location of zero lines of
the zonal and meridional energy fluxes.

Our theoretical estimates were calculated using boreal summer mean inputs,
with boreal summer defined as May-September. Small changes in these
theoretical estimates occur when they are calculated using climatological
monthly mean inputs and then seasonally averaged (for example, dashed and
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solid dark green lines in Fig. 4b use monthly and seasonal mean data,
respectively, to estimate the response to Saharan plus Eurasian albedo change).

We also tested the sensitivity of applying our theory to the distribution of
precipitation P minus surface evapotranspiration E, which is the net surface
water input and is thus more relevant to proxies such as lake levels. Both the
model and theoretical responses of P-E to mid-Holocene insolation are muted,
compared with the P response, over northern Africa and other Northern
Hemisphere land regions. But this is expected since P-E is generally smaller
than P, and the general patterns and model-theory agreement are similar
(Supplementary Fig. 5). One exception is that there are some intense coastal
anomalies of P-E in the theoretical response that do not occur in the climate
models; these are caused by the theory shifting the strong gradient of E that
exists between ocean and dry land regions.

Sensitivity of AET divergence to surface albedo.

Over land, where surface thermal inertia is small, a time-mean anomaly in
divergent AET must be balanced by changes in short-wave (SW) and long-
wave (LW) fluxes at TOA, The TOA radiative flux changes can be

decomposed into components associated with changes in insolation, surface
albedo, cloud fraction ¢, aerosol optical depth T, and surface temperature T,
where we have assumed the short-wave budget is not directly

sensitive to Ts and the long-wave budget is not directly sensitive to ;. In the
main text, we assumed that the changes in long-wave and short-wave cloud
radiative forcings approximately cancelss. This leaves terms involving changes
in insolation, surface albedo, surface temperature, and aerosol optical depth,
each of which contains sensitivities that can be linearized about the modern
state of the Saharan atmosphere.

The modern atmosphere contains few clouds over the Sahara, so we used semi-
empirical relations to quantify the sensitivity of TOA albedo to surface albedo
(0tt0x/ 0as) under clear-sky conditions. A single equation was previously
derived to obtain & from Q0. as a function of solar zenith angle and
precipitable water49; for low zenith angles and values of precipitable water
typical of those found over the Sahara in modern climate (about 20 mm), this
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equation can be inverted to obtain d@:../0as = 0.73. This value is the same as
that presented in an earlier linear estimate that was independent of zenith
angle and humiditysoand is chosen for our analysis.

To further validate this choice of 0@,/ das, we used a Gamma-weighted two-
stream radiative transfer scheme (the Ed4 LaRC Fu-Liou model)s1 with an
idealized atmospheric profile representative of conditions over a desert. We
prescribed precipitable water of 20 mm, a diurnal-mean lapse rate of 8.5 Kkm~,
a skin temperature of 300 K, and zero clouds and aerosol. For a change in
surface albedo from 0.2 to 0.3, we obtained a linearized estimate of 0Q0./ 00 =
0.70 when T = 0, with only a weak dependence on solar zenith angle for most
zenith angles. Then we used an idealized dust aerosol with particle size of 1
pm, scale height of 4 km, and optical depth T = 0.4 to represent dusty
conditions over the Sahara, and found that this sensitivity decreased to 0.5-0.6
depending on solar zenith angle. However, the change in T from 0.0 to 0.4
alone produced a change in TOA albedo of 0.02-0.06 depending on solar zenith
angle. Thus, our choice of d@t:0./0as = 0.73 is too large if dust aerosol is present
over the Sahara, but the effect of this error on A SW will be compensated by the
reduction in T expected to accompany a greening of the Sahara. If the changes
in T are expressed as a function of changes in @;, then the ‘effective’ sensitivity
of TOA albedo to surface albedo (that includes an accompanying change in
aerosol optical depth) will typically be larger than 0.7 and can even exceed
unity. As mentioned in the main text, the reduction in land surface albedo will
also probably be accompanied by cooling and moistening of the surface that
would reduce long-wave cooling to space (first term on right-hand side of
(10)), providing an additional positive feedback on the albedo forcing. Thus,
our choice of the clear-sky value of dt:./0as = 0.73 does neglect the influence
of dust aerosol, but changes in that aerosol and in land surface temperature
should provide positive feedbacks that compensate for the effects of any
overestimate in 0@,/ das. Whether changes in clouds would provide a non-
negligible net change in net TOA radiation over the Sahara merits further
exploration.

Data availability.

The data that support the findings of the study can be accessed as follows: the
monthly mean vertically integrated atmospheric moist energy fluxes for 1979—
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2013 can be obtained from http://climatedataguide.ucar.edu/climate-
data/era-interim-derived-components.

Precipitation data can be obtained from the Climate Prediction Center (CPC)
Merged Analysis of Precipitation (CMAP) at http://www.esrl.noaa.gov/psd.

The energy balanced and filled TOA and surface all-sky fluxes for years 2001-
2015 can be obtained from http://ceres.larc.nasa.gov.

Output from the Paleoclimate Modelling Intercomparison Project 3 (PMIP3)
simulations are available through the Coupled Model Intercomparison Project
5 (CMIP5) data portal at http://cmip-pcmdi.llnl.gov/cmip5.

The Oceanic Nifio Index (ONI) data were obtained
from https://catalog.data.gov/dataset/climate-prediction-center-cpcoceanic-
nino-index.
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