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Text S1. Monsoon Responses to Orbital Forcing in CESM 
 
Orbital forcing during the last millennium was primarily due to changes in 

precession. From 850 CE to the present, a 20-day shift in perihelion (from 15 December 
to 4 January) occurred, leading to a decrease in insolation in the second half of the year 
(June to December relative to the first half of the year (January to May; Fig. S2). Over 
the last millennium, insolation in the NH high latitudes declined from July-September 
(late boreal summer and fall) by ~3 Wm-2, and declined in the SH high latitudes from 
October-December (late austral spring and summer), by a similar magnitude (Schmidt et 
al. 2011).  

 
In CESM, orbital forcing causes the NH monsoon systems of South Asia and 

West Africa to weaken in association with strong cooling across the NH continents 
(including Asia and North Africa) during boreal summer and fall (Fig. 5). These features 
are present, though more muted, in the all-forcing CESM simulations and in the 
CMIP5/PMIP3 simulations (Fig. 4), indicating an important role for orbital forcing in 
driving the forced long-term tropical hydroclimate response over the last millennium in 
the models. In the model runs, the lower late summer and early fall insolation cools the 
NH high latitudes, which is conducive to the development of more extensive and thicker 
sea ice going into boreal winter. The resultant cooling of the NH extratropics is most 
pronounced over land (due to differences in the partitioning of sensible and latent heating 
over land and water) and thus gives rise to reduced land-sea temperature contrast between 
Asia and the Indo-Pacific in boreal summer and fall. The same feature is found in the 
West African monsoon–i.e. enhanced cooling of northern Africa in boreal summer and 
fall leads to weaker temperature contrast between West Africa and the tropical Atlantic 
and a weakening of the West African monsoon. This cooling also extends into the NH 
extratropical oceans and over parts of the tropical oceans, including the northern tropical 
Atlantic, where enhanced cooling during the onset of the South American monsoon 
season in austral spring (SON) gives rise to an anomalous meridional SST gradient in the 
tropical Atlantic, shifting rainfall southward over the equatorial Atlantic Ocean and into 
the South American monsoon entrance region (Fig. S6). 

 
 

Text S2: Zonally-averaged precipitation changes and cross-equatorial heat 
transport 

Despite the large data-model disagreement in regional precipitation changes over 
the last millennium, some coherency is observed in the zonally averaged context: all 
CMIP5/PMIP3 models demonstrate a small zonal mean southward shift in tropical 
precipitation (∆PNH-SH) during the LIA and a decrease in the cross-equatorial atmospheric 
energy transport (∆AHTf=0), as expected from energetic arguments (Fig. 7; Donohoe et 
al., 2013; Kang et al., 2008). The decreased cross-equatorial atmospheric energy transport 
is associated with greater cooling of the NH atmosphere through vertical energy fluxes 
during the LIA. Possible sources of this hemispheric asymmetry in atmospheric cooling 
include asymmetric climate forcings (e.g. volcanic forcing), symmetric forcings (due to 
the seasonal cycle in planetary albedo), and/or asymmetry in the climate feedbacks, 
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including those associated with changes in surface albedo and clouds. In addition, 
asymmetry in the surface energy fluxes (e.g. through a change in the Atlantic Meridional 
Overturning Circulation) could lead to asymmetric atmospheric cooling.  

Our energy budget analysis with the single layer atmosphere radiation model (the 
APRP analysis) indicates that the southward tropical precipitation shift occurs in tandem 
with anomalous northward atmospheric energy transport that is primarily driven by 
volcanic forcing (i.e. greater volcanic aerosol loading in the northern hemisphere), and 
secondarily by land use changes (i.e. cropland expansion in Eurasia) and by the surface 
albedo feedback (e.g. through the growth of Arctic sea ice in response to precessional 
forcing; Fig. S13). Of the LW feedbacks, the lapse rate feedback is the largest positive 
feedback. Although both hemispheres experience greater cooling near the surface than 
aloft poleward of around 30º-40º latitude, these lapse rate changes are substantially larger 
in the Northern Hemisphere than the Southern Hemisphere (see Fig. S2 in Atwood et al., 
2016), likely due to a combination of land-use forcing, increased high-latitude snow 
cover and sea ice in the Northern Hemisphere, and the greater land area in the Northern 
Hemisphere (as it is easier to have surface-trapped cooling over land, especially in 
winter). LW cloud and water vapor feedbacks also contribute to greater cooling of the 
Northern Hemisphere. The positive LW water vapor feedback occurs in response to the 
lower atmospheric water vapor concentration in the Northern Hemisphere (the saturation 
vapor pressure decreases as the atmosphere cools, as given by the Clausius–Clapeyron 
equation). In addition, the SW water vapor feedback represents a small additional 
positive feedback in all of the models, consistent with lower absorption of incoming SW 
radiation by atmospheric water vapor in the cooler Northern Hemisphere. 

The net forcing displays larger hemispheric asymmetry in the second half of the 
LIA in all models, due to larger asymmetry in both the volcanic and land use forcings. 
During the earlier half of the LIA, however, changes in ocean heat transport (OHT) 
generally reinforce the asymmetry imposed by the forcings and shortwave feedbacks, and 
in the two GISS simulations, these OHT changes are larger than the combined forcing 
(Fig. S13). Ultimately, however, the net change in cross-equatorial atmospheric heat 
transport is modest (≤ -0.2 W/m2) throughout the LIA in all models, because the 
hemispheric asymmetry imposed by the forcings and positive feedbacks is opposed by 
changes in outgoing longwave radiation associated with greater cooling of the NH (i.e. 
the Planck feedback).  
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