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Section 1. Energy balance and energy transport of the atmosphere 

 

The methodology to compute the energy flux in the atmosphere system and the 

northward energy transport is based on Hartmann (1994). The energy balance for the 

atmosphere can be written as: 

𝜕𝐸𝑎

𝜕𝑡
= 𝑅𝐴𝑇𝑀 ∙ 𝑠 − ∆𝐹𝑎           (𝑆1)    

where 𝐸𝑎  (J) is the total energy in the atmosphere, 𝑠 = 2𝜋𝑅2𝑐𝑜𝑠𝜃  (m2) is the area of 

latitudinal band at latitude 𝜃 (𝑅 is the earth radius), 𝐹𝑎 (W) is the zonally averaged energy 

flux being transported northward by the atmosphere at a given latitude 𝜃, and ∆𝐹𝑎 is the 

divergence of the horizontal energy flux in the atmosphere. 𝑅𝐴𝑇𝑀 (W m-2) is the net thermal 

heating within the atmosphere, including top-of-atmosphere (TOA) radiation (𝑅𝑇𝑂𝐴; W m-

2), surface radiation (𝑅𝑆𝐹𝐶; W m-2), latent heat (𝐿𝐻; W m-2), and sensible heat (𝑆𝐻; W m-

2): 

𝑅𝐴𝑇𝑀 = 𝑅𝑇𝑂𝐴 − 𝑅𝑆𝐹𝐶 + 𝐿𝐻 + 𝑆𝐻   (𝑆2) 



 For long-term averaging, the time rate of energy change (
𝜕𝐸𝑎

𝜕𝑡
) can be neglected, and 

the energy surplus/deficit in the atmosphere must be balanced by meridional energy 

divergence/convergence. As such, an approximate balance between heating within the 

atmosphere and horizontal energy transport can be written as: 

𝑅𝐴𝑇𝑀 ∙ 𝑠 = ∆𝐹𝑎   (𝑆3) 

The zonal mean of 𝑅𝐴𝑇𝑀 based on CTL is shown in Fig. 11a, which is consistent with the 

𝑅𝐴𝑇𝑀 calculated from the observations in Zhang and Rossow (1997). In the CTL, the 𝑅𝐴𝑇𝑀 

shows a thermal heating in the atmosphere between about 35° North and 35° South, with a 

bimodal distribution around the equator. The atmosphere poleward of 35° in both 

hemispheres experiences thermal cooling. 

Since there is no horizontal flux at the south pole, following Hartman et al. (1994), 

the latitudinal mean of horizontal flux at latitude θ can be expressed as:  

𝐹𝑎(𝜃) = ∫ 2𝜋𝑎2𝑐𝑜𝑠𝜃𝑅𝐴𝑇𝑀

𝜃

−
𝜋
2

𝑑𝜃    (𝑆4) 

As indicated by Eq. (S4), a positive/negative 𝐹𝑎  indicates an energy surplus/deficit 

accumulated from the South Pole to the given latitude, which necessitates a 

northward/southward energy transport across that latitude. The atmosphere meridional 

energy flux in the CTL is shown in Fig. 11b, in which a positive value indicates northward 

energy flux and a negative value indicates southward energy flux, which is also similar to 

Zhang and Rossow (1997). The accumulated atmospheric cooling from the South Pole to 

a latitude corresponds to a negative 𝐹𝑎 (southward energy flux) in the Southern Hemisphere. 

𝐹𝑎 becomes positive (northward energy flux) when more latitudes with energy surplus are 



involved and reaches its maximum at about 35°N. The cross-equatorial energy flux shows 

southward transport (𝐹𝑎(0°) < 0) in the CTL.   



Section 2. Equatorial energy transport, Hadley circulation, and ITCZ 

The key to understanding Hadley cell and ITCZ response to thermal forcings is the 

relation between atmospheric energy transport and Hadley cell. The atmospheric 

meridional energy transport is dominated by the Hadley circulation in the tropics and 

transient eddy flux at mid-latitudes (Peixoto and Oort 1984). The cross-equatorial energy 

transport is in the direction of the mass transport by the upper branch of the Hadley cell, as 

the Hadley cell has more moist static energy (the sum of SH, LH, and geopotential energy) 

in the upper troposphere than in the lower troposphere (while the SH and LH are larger in 

the lower troposphere, the potential energy is smaller there). Moreover, the quantity of the 

meridional atmospheric energy transport in the tropics is proportional to the mass transport 

of the Hadley circulation (Frierson 2007): 

∆𝑚 =
∫ �̅�

𝑃𝑠

0
�̅� 𝑑𝑝

∫ �̅�
𝑃𝑠

𝑃𝑚
𝑑𝑝

   (𝑆5) 

where m  is the moist static energy per unit mass (J kg-1), ∆𝑚  (J kg-1) is the total 

atmospheric energy transport per unit mass transport, and v is the meridional mass flux (kg 

s-1). ∫ �̅�
𝑃𝑠

0
�̅� 𝑑𝑝 is the atmospheric column energy transport from the surface (ps) to the top 

of the atmosphere; ∫ �̅�
𝑃𝑠

𝑃𝑚
𝑑𝑝 is the mass transport of the Hadley circulation from the surface 

(ps) to the mid-troposphere (pm). As ∆𝑚 does not change apparently (Kang et al. 2009), 

tropical atmospheric energy transport is proportional to the mass transport, indicating the 

energy transport is realized through the mass transport of the Hadley cell. When a forcing 

occurs in one hemisphere, the change in energy transport in the tropical region imposes an 

anomalous mass transport, which would require a modification of the Hadley circulation, 

leading to a potential meridional shift of Hadley cell and ITCZ position.  



Section 3. The definition of ITCZ width in Byrne and Schneider (2016)  

We follow the definition and calculation of the ITCZ width in Byrne and Schneider 

(2016). In Byrne and Schneider (2016), the boundaries of ITCZ are defined as the latitude 

where the absolute value of the stream function (700 to 300 hPa with mass weighting) has 

a local maximum 
𝜕𝜓

𝜕𝜙
 [see Fig. 2 in Byrne and Schneider (2016)]. The ITCZ width is defined 

as the meridional distance between the northern and southern boundaries of the ITCZ. The 

ITCZ width calculated using the ERA-Interim reanalysis in 1998-2014 periods is 27º in 

Byrne and Schneider (2016). 

Below we show the vertically averaged annual and zonal mean meridional stream 

function (700 to 300 hPa with mass weighting) in 1950-2015 in our CTL simulation. The 

northern boundary (𝜙𝑁), southern boundary (𝜙𝑆) of the ITCZ and ITCZ width are denoted 

in the figure below.  

 

𝜙𝑁 

ITCZ width 

𝜙𝑆 



 

Figure S1 Potential vegetation map in SSiB2 

  



 

Figure S2 Time series of LULCC fraction in LUH2 for various sub-domains from 1950 to 

2015. 

  



 

Figure. S3 Seasonal surface temperature difference (K) due to LULCC during 1950-2015 

(LULCC – CTL) in (a) DJF, (b) MAM, (c) JJA, and (d) SON. Stippling indicates that the 

response is statistically significant at the 95% confidence level. 

  



 

Figure. S4 Seasonal difference of precipitation (in mm day-1) due to LULCC effects during 

1950-2015 (LULCC – CTL) in (a) DJF, (b) MAM, (c) JJA, and (d) SON. Stippling 

indicates statistical significance at the 90% confidence level. 

  



  

Figure S5. Annual difference of (a) precipitable water (mm day-1) and (b) total cloud cover 

(%) due to LULCC effects in 1950-2015 (LULCC-CTL). Stippling indicates that the 

response is statistically significant at the 95% confidence level. 

  



 

 

Figure S6. Annual difference of top-layer soil moisture due to LULCC effects (LULCC-

CTL) in 1950-2015. Stippling indicates that the response is statistically significant at 95% 

confidence level. 
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