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1. Hemispheric energy imblance and the location of the Zonal mean ITCZ29

a. Definition of the net TOA and SFC energy fluxes30

To quantify the excess (or deficit) of energy being absorbed by the atmosphere at any latitude,31

we calculate the net downward flux of energy at the top of the atmosphere TOA and net downward32

flux of energy at the surface SFC, and define their difference Fnet as the atmospheric column33

energy source:34

TOA = SW ↓TOA−SW ↑TOA−LW ↑TOA (1)

SFC = SW ↓SFC−SW ↑SFC +LW ↓SFC−LW ↑SFC−SHSFC−LHSFC (2)

Fnet = TOA−SFC (3)

In equations 1-3, SW , LW , SH, and LH indicate shortwave radiation, longwave radiation, sensible35

heat, and latent heat, respectively. The sign convention is such that a positive TOA represents36

energy gained by the atmosphere plus ocean/land, while a positive SFC represents energy gained37

by the surface. Positive values of Fnet represent a gain of energy by the atmospheric column, either38

from the TOA or the surface.39

b. Cross-equatorial energy transport40

Figure 10 of the main text shows a scatterplot of the location of the ITCZ, defined as the location41

of the center of mass of precipitation between 30◦S and 30◦N, and the total atmospheric equatorial42

energy transport 〈vh〉 at the equator φ = 0:43

〈vh〉0 =
1
g

∫ 2π

0

∫ toa

s f c
v× (cpT +Lq+gz) dλ dp . (4)

In Eq. 4, h = cpT +Lvq+gz is the moist static energy, v is the meridional wind, T is the tempera-44

ture of the air, q is water vapor mixing ratio, z is the height, cp is the heat capacity for dry air, L is45
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the latent heat of vaporization, and g is the acceleration due to gravity. In the annual mean, cross-46

equatorial atmospheric energy transport can be diagnosed from the hemispheric asymmetry in Fnet47

(Kang et al. 2008; Yoshimori and Broccoli 2008; Fasullo and Trenberth 2008; Donohoe et al.48

2013). However, because atmospheric heat storage on sub-annual timescales is non-negligible,49

we calculate cross-equatorial atmospheric heat transport from the column-integrated meridional50

transport of moist static energy, both seasonally and in the annual mean in our simulations.51

c. Relationship between hemispheric energy balance and the latitude of the ITCZ52

The relationship between ITCZ location and cross equatorial energy transport shown in figures53

10 and S7 is based on several assumptions that stem from physical arguments/constraints. These54

are: (i) the overwhelming majority of energy transport is accomplished by the Hadley circulation55

(Hadley 1735; Pierrehumbert 2002); (ii) the ITCZ is nearly co-located with the rising branch of56

the Hadley circulation (Dima and Wallace 2003; Bischoff and Schneider 2014); (iii) the efficiency57

of energy transport by the Hadley circulation is invariant to the climate state (i.e., the gross moist58

stability is constant; see Neelin and Held (1987); Frierson (2007)); (iv) the ITCZ is nearly co-59

located with with the position of the Energy Flux Equator (EFE, Kang et al. (2008); Bischoff and60

Schneider (2014); see below); (v) the cross equatorial energy flux is linearly related to the distance61

off the equator of the EFE (Bischoff and Schneider 2016); and (vi) that the energy tendency in the62

atmosphere is small compared to the changes in the net energy Fnet so that the system is nearly in63

equilibrium.64

These assumptions hold for annual averaged observations and annual average output from cli-65

mate models run using various boundary conditions, including idealized aquaplanet simulations.66

We point the reader to Geen et al. (2020) for a review of the theory and the evidence in support of67

each of these assumptions. Here we only report the degree to which these assumptions hold in our68
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experiments. An alternative approach proposed by Privé and Plumb (2007) relates the location of69

the ITCZ to the maximum of near-surface moist static energy rather than to inter-hemispheric en-70

ergy imbalances (Bordoni and Schneider 2008), but in this work we focus primarily on the effect71

of land heat capacity on inter-hemispheric energy imbalances.72

Not surprisingly, the tropical energy transport in our various continental configurations is over-73

whelmingly due to the Hadley circulation, and the ITCZ is nearly co-located with the rising branch74

of the Hadley circulation (assumptions (i) and (ii) respectively; not shown). The tendency in at-75

mospheric energy is generally very small compared to the changes in Fnet (assumption (vi)).76

The EFE is the latitude φ where the meridional energy transport 〈vh〉 is zero. Figure S7b shows77

the cross equatorial energy flux is linearly related to the location of the EFE (assumption (v),78

except for some distortion at the solstices in the Northland experiments. Figure S7c shows that79

in our experiments, the EFE is a fair indicator of the position of the ITCZ (assumption (iv)) in80

almost all seasons in both the Northland and Aqua experiments; the exception is for summertime81

in the Northland experiments, when the Hadley circulation is somewhat distorted and there are82

large changes in gross moist stability, violating assumption (iii). Finally, because the ITCZ is83

nearly linearly related to the EFE latitude, and the cross equatorial energy transport 〈vh〉0 is nearly84

linearly related to the EFE, the ITCZ should also be linearly related to 〈vh〉. Figure S7a shows this85

is roughly true, excepting the summer months in the Northland experiments where the location of86

the EFE is distorted from the location of the ITCZ.87
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Area-weighted Surface Temperature [K]

NorthlandBright NorthlandDry

global land ocean global land ocean

ANN 278.5 ± 0.1 277.1 ± 0.1 279.8 ± 0.0 275.3 ± 0.1 272.2 ±0.2 278.4 ± 0.0

DJF 270.6 ± 0.1 259.3 ± 0.1 282.0 ± 0.1 267.6 ± 0.1 254.9 ± 0.2 280.3 ± 0.1

JJA 285.7 ± 0.1 293.6 ± 0.1 277.9 ± 0.0 282.4 ± 0.1 288.2 ± 0.2 276.6 ± 0.0

NorthlandDark Aqua

global land ocean global land ocean

ANN 283.4 ± 0.0 284.5 ± 0.1 282.2 ± 0.0 284.6 ± 0.0 – 284.6 ± 0.2

DJF 275.5 ± 0.1 266.6 ± 0.1 284.5 ± 0.0 284.6 ±0.0 – 284.6 ± 0.2

JJA 290.4 ± 0.0 300.7 ± 0.1 280.1 ± 0.0 284.6 ± 0.0 – 284.6 ± 0.3

NorthWestLand NorthWestLandDry

global land ocean global land ocean

ANN 281.7 ± 0.1 281.7 ± 0.2 281.7 ± 0.0 281.3 ± 0.0 282.4 ± 0.2 280.9 ± 0.0

DJF 278.8 ± 0.1 268.1 ± 0.3 282.3 ± 0.1 278.1 ± 0.1 267.3 ± 0.3 281.6 ± 0.1

JJA 284.4 ± 0.1 294.4 ± 0.2 281.1 ± 0.0 284.4 ± 0.1 297.0 ± 0.2 280.4 ± 0.0

PatchyLand PatchyLandDry

global land ocean global land ocean

ANN 281.7 ± 0.0 281.7 ± 0.1 281.6 ± 0.0 281.4 ± 0.0 282.7 ± 0.1 281.0 ± 0.0

DJF 279.1 ± 0.0 269.2 ± 0.2 282.2 ± 0.0 278.6 ± 0.0 269.1 ± 0.0 281.6 ± 0.0

JJA 284.1 ± 0.0 293.3 ± 0.1 281.2 ± 0.0 284.2 ± 0.0 295.6 ± 0.2 280.5 ± 0.0

TABLE S1. Average (±1σ ) area-weighted surface temperature for the whole globe, only land areas, and only

ocean areas for the annual mean, DJF, and JJA. Temperatures and standard deviations are rounded to the nearest

0.1 K (i.e. ±0.0 indicates interannual σ < 0.1 K).

135
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SH NH Hemispheric Imbalance (NH - SH)

SFC [PW] TOA [PW] Fnet [PW] SFC [PW] TOA [PW] Fnet [PW] ∆ SFC [PW] ∆ TOA [PW] ∆Fnet [PW]

ANN

NLBright 0.07 ± 0.03 2.37 ± 0.03 2.44 ± 0.03 0.09 ± 0.01 -2.26 ± 0.04 -2.16 ± 0.03 0.03 ± 0.03 -4.63 ± 0.05 -4.61 ± 0.06

NLDark 0.06 ± 0.02 0.71 ± 0.04 0.77 ± 0.04 0.10 ± 0.02 -0.58 ± 0.04 -0.47 ± 0.04 0.05 ± 0.02 -1.29 ± 0.08 -1.24 ± 0.07

NLDry 0.06 ± 0.04 3.59 ± 0.02 3.65 ± 0.03 0.11 ± 0.03 -3.49 ± 0.05 -3.38 ± 0.03 0.05 ± 0.05 -7.08 ± 0.06 -7.03 ± 0.06

Aqua 0.03 ± 0.06 0.07 ± 0.03 0.10 ± 0.06 0.02 ± 0.02 0.07 ± 0.04 0.09 ± 0.05 -0.01 ± 0.07 0.00 ± 0.06 -0.01 ± 0.11

DJF

NLBright -15.18 ± 0.15 24.83 ± 0.04 9.65 ± 0.16 4.62 ± 0.12 -15.21 ± 0.07 -10.5 ± 0.14 19.80 ± 0.25 -40.04 ± 0.09 -20.24 ± 0.30

NLDark -16.56 ± 0.16 23.50 ± 0.03 6.95 ± 0.17 5.28 ± 0.12 -15.27 ± 0.07 -9.99 ± 0.16 21.84 ± 0.24 -38.78 ± 0.08 -16.94 ± 0.31

NLDry -14.62 ± 0.12 25.57 ± 0.03 10.95 ± 0.12 4.32 ± 0.08 -14.36 ± 0.07 -10.0 ± 0.08 18.94 ± 0.15 -39.93 ± 0.09 -20.99 ± 0.17

Aqua -19.39 ± 0.08 22.31 ± 0.05 2.92 ± 0.09 19.04 ± 0.13 -21.86 ± 0.04 -2.82 ± 0.13 38.43 ± 0.15 -44.17 ± 0.08 -5.74 ± 0.16

MAM

NLBright 7.77 ± 0.14 -4.86 ± 0.03 2.90 ± 0.15 -7.42 ± 0.15 5.93 ± 0.09 -1.49 ± 0.13 -15.18 ± 0.28 10.79 ± 0.11 -4.39 ± 0.25

NLDark 8.33 ± 0.12 -5.99 ± 0.04 2.34 ± 0.12 -7.84 ± 0.09 7.91 ± 0.12 0.07 ± 0.14 -16.17 ± 0.20 13.90 ± 0.15 -2.27 ± 0.24

NLDry 7.10 ± 0.12 -4.22 ± 0.02 2.88 ± 0.12 -7.27 ± 0.09 5.65 ± 0.08 -1.63 ± 0.15 -14.38 ± 0.20 9.87 ± 0.09 -4.51 ± 0.25

Aqua 7.77 ± 0.09 -7.45 ± 0.03 0.32 ± 0.08 -7.35 ± 0.12 7.30 ± 0.08 -0.05 ± 0.13 -15.12 ± 0.17 14.75 ± 0.08 -0.37 ± 0.18

JJA

NLBright 17.00 ± 0.08 -19.61 ± 0.05 -2.61 ± 0.11 -3.52 ± 0.05 11.51 ± 0.12 7.99 ± 0.13 -20.52 ± 0.11 31.12 ± 0.16 10.60 ± 0.23

NLDark 17.65 ± 0.08 -21.68 ± 0.07 -4.03 ± 0.09 -3.31 ± 0.05 15.68 ± 0.11 12.37 ± 0.13 -20.96 ± 0.11 37.36 ± 0.16 16.40 ± 0.21

NLDry 16.75 ± 0.03 -18.32 ± 0.02 -1.57 ± 0.05 -3.24 ± 0.08 5.85 ± 0.19 2.61 ± 0.13 -19.99 ± 0.08 24.16 ± 0.21 4.18 ± 0.17

Aqua 19.10 ± 0.11 -21.86 ± 0.05 -2.76 ± 0.13 -19.4 ± 0.08 22.30 ± 0.06 2.90 ± 0.10 -38.50 ± 0.15 44.16 ± 0.10 5.66 ± 0.21

SON

NLBright -9.32 ± 0.08 9.14 ± 0.04 -0.18 ± 0.07 6.70 ± 0.04 -11.27 ± 0.05 -4.57 ± 0.05 16.02 ± 0.08 -20.41 ± 0.07 -4.39 ± 0.09

NLDark -9.20 ± 0.11 7.01 ± 0.08 -2.20 ± 0.11 6.28 ± 0.06 -10.62 ± 0.04 -4.34 ± 0.07 15.48 ± 0.14 -17.63 ± 0.10 -2.14 ± 0.13

NLDry -9.01 ± 0.08 11.34 ± 0.03 2.33 ± 0.10 6.61 ± 0.05 -11.09 ± 0.06 -4.47 ± 0.04 15.62 ± 0.11 -22.42 ± 0.04 -6.80 ± 0.11

Aqua -7.35 ± 0.12 7.29 ± 0.06 -0.07 ± 0.11 7.80 ± 0.11 -7.45 ± 0.03 0.35 ± 0.11 15.15 ± 0.20 -14.74 ± 0.06 0.41 ± 0.20

TABLE S2. Table showing the hemispheric sum of the SFC, TOA, and Fnet energy in PW for the SH (left),

NH (center), and the hemispheric imbalance (NH-SH, right), rounded to the nearest 0.01 PW (±1σ ). Values

correspond to integrating under the black (Fnet), blue (TOA), and green (SFC) curves over each hemisphere in

figure 12 of the main text. Positive ∆Fnet implies energy transport from the NH to the SH.
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FIG. S2. Change in the zonal mean surface energy budget for NorthlandDark - NorthlandBright over the

course of the year. The change in downwards LW is shown in (a) while the change in net SFC SW is shown in

(b). LW emitted by the surface is sown in (c), while (d) and (e) show sensible and latent heat, respectively. (f)

shows the change in net surface energy uptake (Ein = SW ↓−SW ↑+LW ↓), where positive values indicate more

energy into the surface; in the annual mean this would be balanced by Eout = LW ↑+LH +SH.
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FIG. S3. Meridional streamfunction for DJF (left) and JJA (right) for NorthlandBright (a,b), NorthlandDark

(c,d), NorthlandDry (e,f), and Aqua (g,h). Contours are spaced at 50×109 kg/s.
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FIG. S4. Cross-section of the zonal mean, annually averaged specific humidity [g/kg] for years 5-50 of the

Lakeworld simulation. The atmosphere is very dry except near the surface over the poles, but the peak specific

humidity only reaches 1.75g/kg. The specific humidity is near-zero during the polar winter in each heimsphere

(not shown). Note that the simulation does not reach equilibrium (see figure S1).
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in black, June-July-August temperatures are shown in red, and December-January-February temperatures are

shown in blue. Shading shows ±1σ about the mean of years 5-50. The dashed grey line at 273.15 K shows the

freezing temperature of water. Note that Lakeworld is actually cooling over this time period (see figure S1).
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FIG. S6. Figure showing the “leak” of water from the all-land ISCA configuration. Global mean precipitation

minus evaporation in mm/day (a,b), integrated terrestrial water storage in kg (c,d), and integrated atmospheric

water content in kg (e,f) for Lakeworld (a,c,d) and NorthlandBright (b,d,f). Note the different y-axis ranges for

the Lakeworld and NorthlandBright subplots.
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FIG. S7. Relationship between (a) the latitude of the ITCZ and the magnitude of cross-equatorial energy

flux, (b) the latitude of the EFE and the magnitude of cross-equatorial energy flux, and (c) the latitude of the

EFE and the latitude of the ITCZ. The latitude of the ITCZ is calculated as the center of mass of precipitation

between 30◦S and 30◦N; the latitude of the EFE is calculated as the zonal mean latitude where the vertical

integral of polewards atmospheric energy transport 〈v ·h〉 = 0; the magnitude of cross-equatorial energy flux is

calculated as the magnitude of polewards atmospheric energy transport at the equator (〈v ·h〉0). Black markers

indicate annual mean values, while blue, purple, green, and red markers indicate DJF, MAM, JJA, and SON

averages, respectively. Circles show values for NorthlandBright, x for NorthlandDark, and triangles for Aqua.

Each individual marker shows the seasonally averaged value for a single year of the time series. NorthlandDry

is not included in the regression calculations here as the ITCZ effectively collapses over the continent.
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