Both differential and equatorial heating contributed to
African monsoon variations during the mid-Holocene
Supporting Information

Ori Adam®*, Tapio Schneider?, Yehouda Enzel?®, Jay Quade®

%The Institute of Earth Sciences, The Hebrew University of Jerusalem, Givat Ram,
Jerusalem 91904, Israel
bCalifornia Institute of Technology, 1200 E. California Blvd., Pasadena, CA 91125, USA
¢Department of Geosciences, University of Arizona, 1040 E. 4th Street, Tucson, AZ 85721,
USA

Supporting Information (SI)

The following supporting information provides:

1. A derivation of Eq. (4) for fractional changes on the position of the ITCZ;

2. An empirical regression model for absolute changes in ¢,..,;

3. Model-specific and ensemble-mean plots of changes between the mid-Holocene
and preindustrial conditions (piControl) in simulations by the 12 PMIP3

climate models analyzed in this study.

1. Derivation of Eq. (4)

Let fractional change be defined as the change in some quantity, A( ), divided
by the unchanged quantity (for example, the fractional change in ¢, is defined
as 0@upp = Adppn/Pers)- The energy flux equator equation is given by

1 AET,
a IO

¢EFE = - (1)

changes in ¢, are therefore given by [I]

1 {AAET, AET,Al,
Ap,. = —— -
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Dividing through by ¢, from Eq. gives

Gure AET, I

and hence,

8¢ = SAET — 0l (4)

2. Empirical regression model for absolute changes in ¢,

The empirical regression model for ¢,,.., (Eq. [6] in the main text) can be

written in terms of the absolute change,

A¢rq, = dpAAET, + a1 ANEI + €. (5)

To test for the robustness of the model, the coefficients oy and &'; were calculated
for each model from the climatological seasonal cycle during the mid-Holocene
and preindustrial conditions. As shown in Fig. [S6] the regression coefficient dp
is nearly identical in both climates whereas a7 can vary considerably between
the two climates (but retains its sign). In addition, as shown in Fig. [S7| relative
to preindustrial or present-day conditions, a fractional change in NEI; of about

50% over Africa corresponds to a relatively small absolute change of ~10 Wm™2.

3. Mid-Holocene and preindustrial conditions in PMIP3 models

Fig. shows the change in precipitation during boreal summer (July—
September) between the mid-Holocene and preindustrial conditions. A poleward
shift of the tropical rain belt is consistently seen in all models along the Atlantic,
Africa and South Asia [2].

As in the African sector, the change between the mid-Holocene and prein-
dustrial simulations in the total atmospheric NEI throughout the tropics during

boreal summer is dominated by vertical NEI, shown in Fig[S2] The vertical NEI,
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in turn, is equal to the sum of net downward radiative fluxes at the top of the
atmosphere (Fig. and net upward surface fluxes , which are dominated
by ocean heat uptake (changes in upward surface energy fluxes are negligible
over land so that the changes in the surface energy balance are dominated by
ocean heat uptake).

Figure [S5|shows the ensemble-mean change in annual-mean sea surface tem-
perature between the mid-Holocene and preindustrial conditions. The evident
equatorial cooling and extratropical warming are associated with the increased

obliquity during the mid Holocene [e.g., [3].
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Figure S1: Change in global precipitation during northern summer (July—September) between
the mid-Holocene and preindustrial conditions in the 12 PMIP3 models analyzed in this study

and in their ensemble mean.
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Figure S2: Change in vertical (i.e., from top of the atmosphere and the surface) atmospheric

net energy input (NEI) during northern summer (July—September) between the mid-Holocene

and preindustrial conditions in the 12 PMIP3 models analyzed in this study and in their

ensemble mean.
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Figure S3: Change in top-of-atmosphere (TOA) net radiative input during northern summer
(July—September) between the mid-Holocene and preindustrial conditions in the 12 PMIP3

models analyzed in this study and in their ensemble mean.
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Figure S4: Change in upward surface energy flux during northern summer (July—September)
between the mid-Holocene and preindustrial conditions in the 12 PMIP3 models analyzed in

this study and in their ensemble mean.
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Figure S5: The ensemble mean of the change in annual-mean sea surface temperature (SST)

between the mid-Holocene and preindustrial conditions.
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Figure S6: A comparison of the regression coefficients dp (a) and @1 (b) and R? (c) of the
regression model A¢pnn = doAAETo + a1 ANEIg + €, derived from the seasonal cycle for
each model during the mid-Holocene and preindustrial conditions. The identity line is shown

in gray. Model numbers are as in Fig. 1 of the main text.
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Figure S7: Ensemble-mean atmospheric energy transport (AET, a) and net energy input
(NEI, b) over Africa (20°W—40°E) for the mid-Holocene (red) and preindustrial conditions
(blue), and from present day observations (green) during boreal summer (July—September).
Present day data was taken from the European Centre for Medium-Range Weather Forecasts
(ECMWF) interim reanalysis for 1979-2012 [4], and was corrected for mass balance following

the procedure outlined in [5].

11



