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Text S1. A Surface Energy Balance Model 20 

To understand how the roof surface temperature responds to increases in albedo, 21 

we use a surface energy balance model (Bateni & Entekhabi, 2012), which starts with the 22 

surface energy balance equation for the roof, as follows:  23 

𝑅' = 𝑆*' 1 − 𝛼 + 𝜀𝐿*' − 𝜀𝜎𝑇#1 = 𝐻 + 𝐿𝐸 + 𝐺 (S1) 

where 𝑅' is the net radiation (W m-2); 𝑆*' and 𝐿*' are the incoming shortwave (W 24 

m-2) and longwave radiation (W m-2), respectively; 𝛼  and 𝜀  are the roof albedo and 25 

emissivity, respectively; 𝐻 and 𝐿𝐸 are the sensible (W m-2) and latent heat fluxes (W m-2), 26 

respectively; 𝜀𝜎𝑇#1  is the outgoing longwave radiation (W m-2) where 𝜎 is the Stefan-27 

Boltzmann constant (W m-2 K-4) and 𝑇# is the roof surface temperature (K). 𝐺 is the heat 28 

flux into the roof substrate (W m-2), which is called ground heat flux in our paper following 29 

the convention.  30 

Connecting 𝐻  and 𝐿𝐸  with surface temperature through the aerodynamic 31 

resistance (𝑟6, s m-1) and evaporation efficiency (𝛽) concepts (Garratt, 1992) gives: 32 

𝐻 =
𝜌𝑐: 𝑇# − 𝑇6

𝑟6
 (S2) 

𝐿𝐸 = 𝛽 
𝜌𝐿; 𝑞#∗(𝑇#) − 𝑞6

𝑟6
 (S3) 

where 𝜌 is the air density (kg m-3), 𝑐: is the specific heat of air at constant pressure 33 

(J kg-1 K-1), 𝐿; is the latent heat of vapourization (J kg-1), 𝑇6 is the air temperature  (K), 34 

𝑞#∗(𝑇#) is the saturated specific humidity at the surface temperature (kg kg-1), and 𝑞6 is the 35 

air specific humidity (kg kg-1).  36 
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The connection between 𝐺 and surface temperature is achieved by using the force-37 

restore method (Dickinson, 1988), which describes the evolution of the surface temperature 38 

can be expressed as the sum of the forcing term and a restoring term, 39 

𝑑𝑇#
𝑑𝑡 =

2𝜔
𝜇 𝐺 − 𝜔(𝑇# − 𝑇) (S4) 

where 𝜇 is the thermal admittance of the roof (J m-2 K-1 s-1/2), which is further 40 

determined by the volumetric heat capacity (𝑐, J m-3 K-1) and thermal conductivity (𝜆, W 41 

m-1 K-1) of the roof though 𝜇 = 𝑐𝜆, 𝜔 is the principal diurnal frequency (s-1), and 𝑇 is the 42 

deep ground temperature (in our case 𝑇 can be viewed as the temperature of the building 43 

interior, K).  44 

Substituting Eqs. S1 to S3 into S4 yields 45 

𝑑𝑇#
𝑑𝑡 =

2𝜔
𝜇 (𝑆*' 1 − 𝛼 + 𝜀𝐿*' − 𝜀𝜎𝑇#1 −

𝜌𝐶: 𝑇# − 𝑇6
𝑟6

− 𝛽
𝜌𝐿; 𝑞#∗ 𝑇# − 𝑞6

𝑟6
) − 𝜔(𝑇# − 𝑇) 

(S5) 

Note that the outgoing longwave radiation and saturated specific humidity are non-46 

linear functions of surface temperature. To proceed, we linearize the outgoing longwave 47 

radiation and saturated specific humidity at air temperature, which yields: 48 

𝑑𝑇#
𝑑𝑡 =

2𝜔
𝜇 𝑆*' 1 − 𝛼 + 𝜀𝐿*' + 3𝜀𝜎𝑇61 − 4𝜀𝜎𝑇6I𝑇# −

𝜌𝑐: 𝑇# − 𝑇6
𝑟6

− 𝛽
𝜌𝐿;
𝑟6

𝑞6∗ 𝑇6 +
𝑑𝑞∗

𝑑𝑇 JK
𝑇# − 𝑇6 − 𝑞6 − 𝜔(𝑇# − 𝑇) 

(S6) 

or 49 
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𝑑𝑇#
𝑑𝜏 = −

𝜌𝑐:
𝑟6

+ 4𝜀𝜎𝑇6I + 𝜇 2𝜔 +
𝜌𝑐:
𝑟6

𝛽
𝛿
𝛾 𝑇# + 𝑄P (S7) 

where 50 

𝜏 =
𝑡

𝜇/ 2𝜔
 (S8) 

𝛿 =
𝑑𝑒∗

𝑑𝑇 JK
 (S9) 

𝛾 =
𝑐:𝑃6

0.622𝐿;
 (S10) 

𝑄P = 𝑆*' 1 − 𝛼 + 𝜀𝐿*' + 3𝜀𝜎𝑇61 +
𝜌𝑐:
𝑟6

𝑇6 − 𝛽
𝜌𝐿;
𝑟6

𝑞6∗ 𝑇6

+
𝜌𝑐:
𝑟6

𝛽
𝛿
𝛾 𝑇6 + 	𝛽

𝜌𝐿;
𝑟6

𝑞6 + 	𝜇
𝜔
2 𝑇 

(S11) 

Here 𝑒∗ refers to saturated water vapor pressure (Pa), which is only a function of 51 

temperature according to the Clausius-Clapeyron relation and 𝛾  is the Psychometric 52 

constant (Pa K-1) (Brutsaert, 1982). We can further simplify the above equation as: 53 

𝑑𝑇#
𝑑𝜏 = −

𝑇#
𝑓 + 𝑄

P (S12) 

where 54 

𝑓 =
1

1
𝑟6′
+ 1
𝑟Y′
+ 1
𝑟Z′
+ 1
𝑟[′

 (S13) 

𝑟6′ =
𝑟6
𝜌𝑐:

 (S14) 
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𝑟Y′ =
1

4𝜀𝜎𝑇6I
 (S15) 

𝑟Z′ =
1

𝜇 𝜔
2

 (S16) 

𝑟[′ =
𝑟6

𝜌𝑐:𝛽𝛿/𝛾
 (S17) 

The solution for the above equation is  55 

𝑇# = 𝑇# 0 𝑒\]/^ + 𝑄′𝑓 (S18) 

where 𝑇# 0  indicates the initial condition for roof surface temperature (K). The 56 

first part of solution is the time-dependent solution, which results from the time-57 

dependence of surface temperature in the force-restore method, and the second part of the 58 

solution is the steady-state solution.  59 

Assuming that the only difference between cool and regular roofs is the albedo, 60 

namely, cool and regular roofs share the same atmospheric forcing (e.g., incoming 61 

shortwave and longwave radiation, air temperature, air specific humidity, pressure, wind 62 

speed), building interior temperature, and other biophysical properties such as emissivity, 63 

thermal admittance, and aerodynamic features that affect the aerodynamic resistance, one 64 

can see that the only difference between the solution for cool roof and that for regular roof 65 

is the steady-state solution. Hence, we can express the surface temperature difference 66 

between cool and regular roofs as 67 

𝛥𝑇# = 𝛥𝑄P𝑓 = −𝑆*'𝛥𝛼𝑓 (S19) 

or 68 
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𝛥𝑇#
𝛥𝛼 = −𝑆*'𝑓 (S20) 

which is Eq. (2) in the main text.  69 

While the derivation leading to Eq. (S20) is exact under the assumptions elaborated 70 

earlier for any time instant in a continuous time domain, in practice the application of Eq. 71 

(S20) inevitably involves discretizing the time domain and some sort of time averaging. 72 

For example, when only the time averaged (e.g., daily mean or 3-hourly mean) values of 73 

the resistances and incoming shortwave radiation are provided, we have to further assume 74 

that the time averaged values can be used in Eq. (S20), as follows: 75 

<
𝛥𝑇#
𝛥𝛼 >≈ −< 𝑆*' >

1

< 1
𝑟6P
> +< 1

𝑟YP
> +< 1

𝑟ZP
> +< 1

𝑟[P
>

 (S21) 

where the bracket indicates the time average. The approximation sign emerges due to the 76 

nonlinearity in Eq. (S20). More subtly, the discretization of the time domain actually 77 

prevents us from assuming that the cool roof and regular roof have the same initial 78 

condition for each averaging interval. The time-dependent solution of Eq. (S18) needs to 79 

be re-considered, especially for short averaging intervals. These complexities are not 80 

further pursued in our study. 81 

It is important to highlight the differences between the surface energy balance 82 

model presented here and a growing number of models recently used for attributing surface 83 

temperature anomalies induced by land-use and land-cover changes (Burakowski et al., 84 

2018; Chen & Dirmeyer, 2016; Lee et al., 2011; Li et al., 2019; Li & Wang, 2019; Liao et 85 

al., 2018; Luyssaert et al., 2014; Moon et al., 2020; Rigden & Li, 2017; Wang et al., 2019; 86 

Zhao et al., 2014). The key difference is that nearly all other models treat the ground heat 87 
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flux as an external forcing (similar to the treatment of ground heat flux in the famous 88 

Penman equation) while the model presented here treats the ground heat flux as a function 89 

of the internal variable: surface temperature. This is accomplished through the use of the 90 

force-restore model. This new treatment of the ground heat flux allows us to avoid the need 91 

to obtain the ground heat flux a prior. More importantly, the role of thermal admittance 92 

now emerges naturally. These advantages are why we choose this model in this study. 93 

However, by employing a model for the ground heat flux, its performance will then 94 

inevitably affect the fidelity of the final model for surface temperature (Eq. S20). Another 95 

difference, which has been discussed extensively in Rigden and Li (2017), is the 96 

parameterization of latent heat flux. Here the evaporation efficiency concept is used while 97 

the surface resistance concept was used in many previous studies (Liao et al., 2018; Moon 98 

et al., 2020; Wang et al., 2019). In some other studies (Lee et al., 2011; Zhao et al., 2014), 99 

the Bowen ratio was used. The surface relative humidity has also been used (Li & Wang, 100 

2019). Different parameterizations are used in different studies as they offer different levels 101 

of analytical tractability and compatibility with data driving these models, which can either 102 

come from observations or more complicated numerical models. A comprehensive review 103 

and comparison of different models are beyond the scope of this study. 104 

  105 



 
 

8 
 

 106 

Figure S1. The spatial pattern of snow-free albedo for regular roofs. Only grid cells with 107 

more than 0.1% of urban land are shown.  108 

109 
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 110 

Figure S2. The differences in terms of near-surface air temperature between (a, e, i) Case 111 

1, (b, f, j) Case 2, (c, g, k) Case 3, (d, h, l) Case 4 and CTL. (a-d) are the annual daily mean 112 

(ANN), (e-h) are the JJA daily mean, and (i-l) are the DJF daily mean over 20 years (1991-113 

2010). Only grid cells with more than 0.1% of urban land are shown.   114 

115 
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 116 

Figure S3. Roof surface temperature reduction in response to roof albedo increase (unit: 117 

K) computed from land-only simulations: (a, g, m) CTL; (b, h, n) Case 1; (c, i, o) Case 2; 118 

(d, j, p) Case 3; (e, k, q) Case 4. Also shown are the probability density functions (f, l, r). 119 

(a-f) are the annual daily mean (ANN), (g-l) are the JJA mean, and (m-r) are the DJF mean 120 

results over 20 years (1991-2010). Only grid cells with more than 0.1% of urban land are 121 

shown.    122 
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 123 

Figure S4. The difference between  (𝛥𝑇#/𝛥𝛼)bcde and (𝛥𝑇#/𝛥𝛼)dcf, unit: K. (a) is the 124 

annual daily mean (ANN), (b) is the JJA daily mean, and (c) is the DJF daily mean results 125 

over 20 years (1991-2010). The results shown here are from the Case 4 (100% cool roof 126 

with albedo value of 0.7). Only grid cells with more than 0.1% of urban land are shown.  127 
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 128 

Figure S5. The ratios of efficiencies for (a) outgoing longwave radiation, (b) ground heat 129 

flux, and (c) latent heat flux to the efficiency for sensible heat flux, and the corresponding 130 

ratios of changes in (d) outgoing longwave radiation, (e) ground heat flux, and (f) latent 131 

heat flux to changes in sensible heat flux in response to roof albedo increase. The results 132 

are the ANN daily mean over 20 years (1991-2010) from the Case 4 (100% cool roof with 133 

albedo value of 0.7). Only grid cells with more than 0.1% of urban land are shown.  134 
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 135 

Figure S6. The ratios of efficiencies for (a) outgoing longwave radiation, (b) ground heat 136 

flux, and (c) latent heat flux to the efficiency for sensible heat flux, and the corresponding 137 

ratios of changes in (d) outgoing longwave radiation, (e) ground heat flux, and (f) latent 138 

heat flux to changes in sensible heat flux in response to roof albedo increase. The results 139 

are the DJF daily mean over 20 years (1991-2010) from the Case 4 (100% cool roof with 140 

albedo value of 0.7). Only grid cells with more than 0.1% of urban land are shown.  141 
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 142 

Figure S7. The spatial patterns of (a, c, e) precipitation and (b, d, f) efficiency for latent 143 

heat flux. (a-b) are the annual daily mean (ANN), (c-d) are the JJA daily mean, and (e-f) 144 

are the DJF daily mean results over 20 years (1991-2010). The results shown here are from 145 

the Case 4 (100% cool roof with albedo value of 0.7). Only grid cells with more than 0.1% 146 

of urban land are shown.  147 
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 148 

Figure S8. Similar to Figure S1 but comparing (a, d, g) land-only simulation (Case 4) to 149 

(b, e, h) land-atmosphere coupled simulation (Case 5). (c, f, i) are the probability density 150 

functions. For both land-only and land-atmosphere coupled simulations, we use 100% cool 151 

roof with albedo value of 0.7.  152 
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Table S1. A list of simulations performed in this study. All simulations are conducted at a 153 

spatial resolution of 0.9° latitude by 1.25° longitude and the analysis focuses on the period 154 

1991-2010. 155 

 Case 

Names 

Regular roof 

fraction 

Cool roof 

fraction 

Regular roof 

albedo 

Cool roof 

albedo 

Land-only 

simulations 

CTL 100% 0 

Varies 

globally 

according to 

a global 

dataset 

(Jackson et 

al., 2010) 

(see Figure 

S1)  

0.5 

1 50% 50% 0.5 

2 50% 50% 0.7 

3 0 100% 0.5 

4 0 100% 0.7 

Land-

atmosphere 

coupled 

simulations 

5 0 100% 0.7 

  156 
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Table S2. Pearson correlation coefficients computed from Case 5. 157 

Correlation 

coefficients 
ANN JJA DJF 

Δ𝑇#/𝛥𝛼 and 𝑆*' -0.28 -0.7 -0.53 

Δ𝑇#/𝛥𝛼 and 𝑓 -0.75 -0.86 -0.29 

𝑓 and 1/𝑟6P 0.26 0.02 0.25 

𝑓 and 1/𝑟YP -0.12 -0.02 -0.23 

𝑓 and 1/𝑟ZP -0.79 -0.71 -0.74 

𝑓 and 1/𝑟[P -0.65 -0.74 -0.59 

 158 


