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ABSTRACT  15 

The sensitivity of urban canopy air temperature (𝑇𝑎) to anthropogenic heat flux (𝑄𝐴𝐻) is known to 16 

vary with space and time, but the key factors controlling such spatiotemporal variabilities remain 17 

elusive. To quantify the contributions of different physical processes to the magnitude and 18 

variability of ∆𝑇𝑎/∆𝑄𝐴𝐻  (where ∆  represents a change), we develop a forcing-feedback 19 

framework based on the energy budget of air within the urban canopy layer and apply it to 20 

diagnosing ∆𝑇𝑎/∆𝑄𝐴𝐻  simulated by the Community Land Model Urban (CLMU) over the 21 

contiguous United States (CONUS). In summer, the median ∆𝑇𝑎/∆𝑄𝐴𝐻  is around 0.01 22 

𝐾 (𝑊 𝑚−2)−1 over CONUS. Besides the direct effect of 𝑄𝐴𝐻 on 𝑇𝑎, there are important feedbacks 23 

through changes in the surface temperature, the atmosphere-canopy air heat conductance (𝑐𝑎), and 24 

the surface-canopy air heat conductance. The positive and negative feedbacks nearly cancel each 25 

other and ∆𝑇𝑎/∆𝑄𝐴𝐻 is mostly controlled by the direct effect in summer. In winter, ∆𝑇𝑎/∆𝑄𝐴𝐻 26 

becomes stronger, with the median value increased by about 20% due to weakened negative 27 

feedback associated with 𝑐𝑎. The spatial and temporal (both seasonal and diurnal) variability of 28 

∆𝑇𝑎/∆𝑄𝐴𝐻 as well as the nonlinear response of ∆𝑇𝑎 to ∆𝑄𝐴𝐻 are strongly related to the variability 29 

of 𝑐𝑎, highlighting the importance of correctly parameterizing convective heat transfer in urban 30 

canopy models.  31 

Keywords: climate sensitivity, urban canopy layer, anthropogenic heat flux, forcing-feedback 32 

framework, land surface model   33 
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1. Introduction 34 

Anthropogenic heating resulting from energy consumption by human activities is an important 35 

control of urban climate. Although occupying only 3% of Earth’s surface, cities consume 60-80% 36 

of global energy and house more than half of the human population (United Nations 2022). The 37 

intense anthropogenic heating in cities can increase heat stress (Doan et al. 2019; Jin et al 2020; 38 

Molnár et al 2020), which threatens thermal comfort and causes heat-related illnesses (Mora et al 39 

2017). Studies have found that a 1 ℃ air warming is associated with an increase in mortality rate 40 

by 1.8% in cities when the daily temperature is higher than 28 ℃ (Chan et al 2012). Meanwhile, a 41 

higher temperature resulting from anthropogenic heating also affects cooling energy demand, air 42 

quality, ecosystems, and so on (Fink et al 2014; Liu et al 2020; Salamanca et al 2014; Xie et al 43 

2016). Furthermore, anthropogenic heat flux affects meteorological processes within the urban 44 

boundary layer (Bohnenstengel et al 2014; Chen et al 2009; Fan and Sailor 2005; Krpo et al 2010; 45 

Ma et al 2017; Mei and Yuan 2021; Molnár et al 2020; Suga et al. 2009; Zhang et al 2016).   46 

Anthropogenic heat flux is generated from many sources, including building and industrial 47 

energy consumption, traffic, and human metabolism (Chow et al 2014; Sailor 2011; Sun et al 48 

2018). The magnitude of anthropogenic heat flux varies strongly with the local climate, population 49 

density, economy, and technology (Allen et al 2011; Fan and Sailor 2005; Jin et al 2020; Sailor et 50 

al 2015; Yang et al 2017). The magnitude of anthropogenic heat flux is also scale dependent. At 51 

long-term and city (or larger) scales, the anthropogenic heat flux is typically on the order of 0.1-1 52 

W m−2. For example, Sailor et al (2015) developed a national database of anthropogenic heat flux 53 

over the contiguous United States (CONUS) and showed that the maximum wintertime 54 

(summertime) anthropogenic heat flux is around 0.8-0.97 W m−2 (0.47-0.63 W m−2) across 61 55 

U.S. cities. Another study reported that the annual-mean anthropogenic heat flux is around 0.39 56 
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W m−2, 0.68 W m−2 and 0.22 W m−2 for COUNS, western Europe, and China, respectively, and 57 

only 0.028 W m-2 on the global scale (Flanner 2009). However, the short-term and neighborhood-58 

scale anthropogenic heat flux can be much stronger (Sailor and Lu 2004). Ichinose et al (1999) 59 

showed that the anthropogenic heat flux in central Tokyo exceeded 400 W m−2 in the daytime, 60 

and the maximum value reached 1590 W m−2 in the early morning of winter. 61 

Previous studies on the effects of anthropogenic heat flux on urban climate were typically 62 

conducted using weather and climate models. Salamanca et al (2014) quantified the impacts of 63 

anthropogenic heat flux via turning on/off air conditioning systems in the Weather Research and 64 

Forecasting (WRF) model coupled to a building energy model (BEM) and a multilayer building 65 

effect parameterization (BEP). Their results revealed that the heat emitted from air conditioning 66 

systems resulted in a 1-1.5 ℃ temperature rise during summer nights over Phoenix (U.S.). Fan and 67 

Sailor (2005) incorporated an anthropogenic heating source term in the near-surface energy 68 

balance within the NCAR/PennState Fifth Generation Model (MM5). They found that the 69 

influence of anthropogenic heat flux on the urban climate of Philadelphia (U.S.) was significant, 70 

particularly during nighttime and in winter, with the near-surface air warming as large as 2-3 ℃. 71 

Similar results were also found in China (Feng et al 2012; Feng et al 2014) and Australia (Ma et 72 

al 2017), where the temperature rise was more pronounced in winter than summer. In another 73 

numerical study conducted in a Japanese megacity (Keihanshin district), the results indicated that 74 

although the daytime anthropogenic heat flux was larger than the nighttime counterpart, the 75 

induced temperature rise was nearly threefold larger at night (Narumi et al 2009). Studies also 76 

revealed that the anthropogenic heating effects depended on not only the quantity of anthropogenic 77 

heat flux, but also atmospheric stratification as well as orographic factors (Block et al 2004; 78 

Narumi et al 2009; Zhang et al 2016).  79 
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Since it is obvious that the amount of warming induced by anthropogenic heating depends on 80 

the magnitude of anthropogenic heat flux, it is perhaps more important to examine the ratio of the 81 

temperature increase to the amount of anthropogenic heat flux (∆𝑇𝑎/∆𝑄𝐴𝐻, where ∆ represents a 82 

change), much like the concept of climate sensitivity but at the local (urban) scale. In this sense, 83 

we treat the change in anthropogenic heat flux (∆𝑄𝐴𝐻) as the climate forcing and the change in 84 

urban temperature (∆𝑇𝑎) as the climate response. Table 1 provides a selected list of existing studies 85 

on the warming effect of anthropogenic heat flux. By normalizing the temperature increase by the 86 

magnitude of anthropogenic heat flux, a better consistency among different studies emerges, with 87 

the magnitude of ∆𝑇𝑎/∆𝑄𝐴𝐻 on the order of 0.01 𝐾(𝑊 𝑚−2)−1. This value is consistent with the 88 

findings in Kikegawa et al (2014), who carried out field campaigns based on meteorological 89 

measurements and electricity demand monitoring, as well as numerical simulations with WRF 90 

(coupled with a multilayer urban canopy model and a building energy model) in two Japanese 91 

major cities, Tokyo and Osaka, in July to August 2007. Their work suggested an afternoon 92 

sensitivity of 0.01 𝐾 (𝑊 𝑚−2)−1 based on observations and showed that the simulated results had 93 

the same order of magnitude. However, it is noteworthy to point out that the magnitude of 94 

∆𝑇𝑎/∆𝑄𝐴𝐻 from different studies (table 1) still varies by nearly two orders of magnitude (from 95 

0.001 to 0.05 𝐾 (𝑊 𝑚−2)−1 ). More importantly, the physical processes responsible for such 96 

variability remain elusive. Quantifying the key factors controlling the variability of ∆𝑇𝑎/∆𝑄𝐴𝐻 97 

frames the scope of this study. 98 

To do so, we develop a forcing-feedback framework based on the energy budget of air within 99 

the urban canopy layer and apply it to diagnosing ∆𝑇𝑎/∆𝑄𝐴𝐻 simulated by the Community Land 100 

Model Urban (CLMU) over CONUS, which has a growing urban population and consumes 101 

considerable energy in cities. The impact of anthropogenic heat over the entire CONUS has not 102 
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been investigated. This study is organized as follows: Section 2 describes the forcing-feedback 103 

framework and model experiments. Section 3 evaluates ∆𝑇𝑎/∆𝑄𝐴𝐻  at the seasonal and diurnal 104 

scales. The key feedback mechanisms and the factors controlling the variability of ∆𝑇𝑎/∆𝑄𝐴𝐻 are 105 

discussed in detail in this section. Finally, discussions and conclusions are presented in Section 4 106 

and Section 5, respectively.  107 
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2. Methodology 108 

2.1. A forcing-feedback framework 109 

We propose a forcing-feedback framework to diagnose the sensitivity of air temperature within 110 

the urban canopy layer (UCL, i.e., the layer below the height of the main urban elements), also 111 

called urban canopy air temperature hereafter, to anthropogenic heat flux based on the energy 112 

budget of air within the UCL (figure 1). This conceptualization of the UCL is consistent with the 113 

theoretical underpinning of nearly all single-layer urban canopy models (UCMs) in weather and 114 

climate modeling, including the Community Land Model - Urban (CLMU) to be used in this study 115 

(more details on CLMU are presented later). Our starting point is that the UCL is our control 116 

volume (or system of interest) and is the direct recipient of anthropogenic heat flux (i.e., the 117 

forcing). At steady state, the energy budget of the air within UCL can be written as 118 

0 = 𝑄𝐴𝐻 + 𝑅 (1) 

where 𝑄𝐴𝐻  is the anthropogenic heat flux and 𝑅  is the sum of heat fluxes other than the 119 

anthropogenic heat flux (more about 𝑅 later). When the anthropogenic heat flux is altered by a 120 

certain amount (indicated by Δ ), the energy balance of air within the UCL reaches a new 121 

equilibrium state,  122 

0 = Δ𝑄𝐴𝐻 + Δ𝑅 (2) 

where ∆𝑄𝐴𝐻 can be interpreted as the added anthropogenic heat flux compared to the scenario 123 

without anthropogenic heat flux, and Δ𝑅 is the total change of other heat fluxes in response to 124 

Δ𝑄𝐴𝐻.  125 
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Changes in other heat fluxes (Δ𝑅) are often related to changes in the canopy air temperature 126 

( Δ𝑇𝑎 ). Denoting Δ𝑅 = 𝜆𝑎𝑙𝑙Δ𝑇𝑎 , we can write the sensitivity of canopy air temperature to 127 

anthropogenic heat flux as 128 

∆𝑇𝑎

Δ𝑄𝐴𝐻
= −

1

𝜆𝑎𝑙𝑙
 (3) 

where 𝜆𝑎𝑙𝑙 is the sensitivity parameter (called the total sensitivity parameter in order to distinguish 129 

it from other feedback parameters introduced later). The sensitivity ∆𝑇𝑎/𝑄𝐴𝐻, which indicates how 130 

easily the canopy air temperature can be altered by a perturbation of anthropogenic heat flux, is 131 

thus equivalent to the negative reciprocal of the total sensitivity parameter (𝜆𝑎𝑙𝑙). If the absolute 132 

value of 𝜆𝑎𝑙𝑙  is larger, the canopy air warming per unit increase of anthropogenic heat flux is 133 

weaker. Therefore, to understand the sensitivity ∆𝑇𝑎/𝑄𝐴𝐻, we need to examine the total sensitivity 134 

parameter (𝜆𝑎𝑙𝑙) in the relation Δ𝑅 = 𝜆𝑎𝑙𝑙Δ𝑇𝑎. 135 

The air within the UCL receives convective heat fluxes from various urban surfaces and the 136 

overlying atmosphere. The sum of these heat fluxes (𝑅) received by the air within the UCL can 137 

thus be written as 138 

𝑅 = ∑ 𝜌𝐶𝑝𝑤𝑖𝑐𝑠(𝑇𝑠
𝑖 − 𝑇𝑎)

𝑛

𝑖=1

+ 𝜌𝐶𝑝𝑐𝑎(𝜃𝑎𝑡𝑚 − 𝑇𝑎) (4) 

where 𝑛 is the number of urban surfaces (e.g., there are five urban surfaces in CLMU that interact 139 

with the canopy air, including roof, previous ground, imperious ground, sun wall, and shade wall), 140 

𝑖 refers to the 𝑖𝑡ℎ urban surface, 𝑤𝑖 is the weight of the 𝑖𝑡ℎ surface based on the corresponding area 141 

fraction (converted to per unit area of urban canyon floor in the horizontal direction), 𝜌 is the air 142 

density (kg m-3), 𝐶𝑝 is the specific heat of air at constant pressure assumed to be of a constant value 143 

of 1004.64 J kg-1 K-1, 𝑐𝑠 is the heat conductance between the air within the UCL and the urban 144 
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surface (called the surface-canopy air heat conductance, m s-1), 𝑐𝑎 is the heat conductance between 145 

the air within the UCL and the overlying atmosphere (called the atmosphere-canopy air heat 146 

conductance, m s-1), 𝑇𝑠 is the urban surface temperature (K), and 𝜃𝑎𝑡𝑚 is the atmospheric potential 147 

temperature (K). Here we have assumed that the heat conductances between the air within the UCL 148 

and different urban surfaces are identical, which is a common assumption made in CLMU and 149 

many other single-layer UCMs. But this assumption can be relaxed by allowing 𝑐𝑠 to vary for 150 

different urban surfaces in future work.  151 

With equation (4), the total sensitivity parameter 𝜆𝑎𝑙𝑙 can be written as the sum of the direct 152 

effect and feedbacks. Using the chain rule on equation (4) yields 153 

𝜆𝑎𝑙𝑙 =
∆𝑅

∆𝑇𝑎
 =

𝜕𝑅

𝜕𝑇𝑎
+ ∑

𝜕𝑅

𝜕𝑇𝑠
𝑖

∆𝑇𝑠
𝑖

∆𝑇𝑎

𝑛

𝑖=1

+
𝜕𝑅

𝜕𝑐𝑎

∆𝑐𝑎

∆𝑇𝑎
+

𝜕𝑅

𝜕𝑐𝑠

∆𝑐𝑠

∆𝑇𝑎
+

𝜕𝑅

𝜕𝜃𝑎𝑡𝑚

∆𝜃𝑎𝑡𝑚

∆𝑇𝑎

= 𝜆0 + 𝜆1 + 𝜆2 + 𝜆3 + 𝜆4 

(5) 

where the partial and total derivatives are denoted by 𝜕 and ∆, respectively. In this equation, 𝜆0 is 154 

the baseline sensitivity parameter, representing the direct effect of anthropogenic heat flux on 155 

canopy air temperature with everything else (e.g., surface temperature, atmosphere-canopy air heat 156 

conductance, etc) held the same. Other 𝜆 parameters represent different feedback processes: 𝜆1 157 

refers to the strength of feedback from changes in surface temperatures; 𝜆2  is the feedback 158 

parameter for changes in atmosphere-canopy air heat conductance; 𝜆3 is the feedback parameter 159 

for changes in surface-canopy air heat conductance; and 𝜆4  is the parameter for atmospheric 160 

feedback. A positive (or negative) feedback means that the process leads to an amplification (or 161 

dampening) of the direct effect of anthropogenic heat flux on canopy air temperature.  162 
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Combining equation (4) and (5), the baseline sensitivity parameter and feedback parameters 163 

can be derived as  164 

𝜆0 =
𝜕𝑅

𝜕𝑇𝑎
= −𝜌𝐶𝑝 (∑ 𝑤𝑖𝑐𝑠

𝑛

𝑖=1

+ 𝑐𝑎) 
(6) 

𝜆1 = ∑
𝜕𝑅

𝜕𝑇𝑠
𝑖

∆𝑇𝑠
𝑖

∆𝑇𝑎

𝑛

𝑖=1

= ∑ 𝜌𝐶𝑝𝑤𝑖𝑐𝑠

𝑛

𝑖=1

∆𝑇𝑠
𝑖

∆𝑇𝑎
 (7) 

𝜆2 =
𝜕𝑅

𝜕𝑐𝑎

∆𝑐𝑎

∆𝑇𝑎
= 𝜌𝐶𝑝(𝜃𝑎𝑡𝑚 − 𝑇𝑎)

∆𝑐𝑎

∆𝑇𝑎
 (8) 

𝜆3 =
𝜕𝑅

𝜕𝑐𝑠

∆𝑐𝑠

∆𝑇𝑎
= (∑ 𝜌𝐶𝑝𝑤𝑖(𝑇𝑠

𝑖 − 𝑇𝑎)

𝑛

𝑖=1

)
∆𝑐𝑠

∆𝑇𝑎
 (9) 

𝜆4 =
𝜕𝑅

𝜕𝜃𝑎𝑡𝑚

∆𝜃𝑎𝑡𝑚

∆𝑇𝑎
= 𝜌𝐶𝑝𝑐𝑎

∆𝜃𝑎𝑡𝑚

∆𝑇𝑎
 

(10) 

Equation (1) to (10) constitute our forcing-feedback framework for diagnosing the sensitivity of 165 

canopy air temperature to anthropogenic heat flux. The aim of the proposed forcing-feedback 166 

framework is not to predict ∆𝑇𝑎/∆𝑄𝐴𝐻 , but to provide a diagnostic tool for quantifying the 167 

strengths of direct effects and feedback processes. In this study, the inputs for this framework are 168 

the simulated results from CLMU. However, this framework is not limited to CLMU and can be 169 

applied to diagnosing outputs from other UCMs.  170 

2.2. The CLMU model and the numerical experiment design 171 

CLMU is the urban parameterization within the Community Land Model (CLM), which is the land 172 

component of the Community Earth System Model (CESM) (Danabasoglu et al 2020). In this 173 

study, the most recent released version of CLM (CLM5) within the framework of CESM version 174 

2 (CESM2) is used. Within each land grid cell, CLM5 can have multiple land units including 175 
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vegetated, crop, urban, glacier, and lakes. For each urban land unit, three urban categories (tall 176 

building district, high density, and medium density) are allowed. In CLMU, the urban canyon 177 

system consists of five surfaces: roofs, sunlit and shaded walls, impervious and pervious floors. 178 

The energy and water fluxes from each urban surface interact with the canopy air (see figure 1). A 179 

more detailed description of CLMU including the main urban parameters can be found elsewhere 180 

(Oleson et al. 2010; Oleson and Feddema 2020). The CLMU input data are supplied by a global 181 

dataset (Jackson et al. 2010). The model has been widely used to study urban energy and water 182 

fluxes, as well as surface and air temperatures (Demuzere et al 2013; Grimmond et al 2011; 183 

Karsisto et al 2016; Oleson et al 2008a; Oleson et al 2008b; Oleson and Feddema 2020). In this 184 

study, we use an improved CLMU that includes parameterizations of urban heat mitigation 185 

strategies (e.g., cool roofs and green roofs), which have been proposed and validated in our 186 

previous work (Wang et al 2020, 2021), although these new features are not used in this study.  187 

We run CLM5 in an offline mode (i.e., forced by meteorological data) at a 1/8 degree spatial 188 

resolution over CONUS and at an hourly time step. The hourly meteorological forcing data is from 189 

the North America Land Data Assimilation System phase II (NLDAS2) dataset (Xia et al 2012). 190 

The model is first spin up for 84 years by recycling the 1979-1999 NLDAS2 forcing four times. 191 

Four sets of numerical experiments are then conducted from 1979 to 1999 using the same initial 192 

condition obtained from the spin up run (table S1). These four numerical experiments are designed 193 

to quantify how the canopy air temperature (figure 1) responds to a prescribed increase of 194 

anthropogenic heat flux. In the control (CTL) experiment, no anthropogenic heat flux is added to 195 

the urban canopy air heat budget, and the simulated canopy air temperature is denoted as 𝑇𝑎,0. In 196 

the first sensitivity experiment (AH1), we add 1 W 𝑚−2 of anthropogenic heat flux into the urban 197 

canopy air heat budget at each time step and compute a new canopy air temperature (hereafter 198 
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𝑇𝑎,1 ). Therefore, the difference between 𝑇𝑎,1  and 𝑇𝑎,0  (which is numerically equivalent to 199 

∆𝑇𝑎/∆𝑄𝐴𝐻  given that the added anthropogenic heat flux is 1 W 𝑚−2) is the total impact of 1 200 

W 𝑚−2 of anthropogenic heat flux, which includes both the direct effect and the feedbacks. In 201 

another two sensitivity experiments AH10 and AH100, the added anthropogenic heat flux is 10 202 

W 𝑚−2 and 100 W 𝑚−2, respectively. We denote the simulated canopy air temperatures in these 203 

two experiments as 𝑇𝑎,10 and 𝑇𝑎,100, respectively. The sensitivity ∆𝑇𝑎/∆𝑄𝐴𝐻 is thus calculated as 204 

(𝑇𝑎,10 − 𝑇𝑎,0)/10  and (𝑇𝑎,100 − 𝑇𝑎,0)/100 , respectively (see table S1). These two sensitivity 205 

experiments (AH10 and AH100) are designed to quantify whether the sensitivity ∆𝑇𝑎/∆𝑄𝐴𝐻 is 206 

influenced by the magnitude of anthropogenic heat flux due to nonlinearity in the feedback 207 

processes. We choose these values (1, 10, 100 W 𝑚−2) to cover a wide but reasonable range of 208 

anthropogenic heat flux magnitude. 209 

We should emphasize that the added anthropogenic heat flux in all our experiments is 210 

prescribed, not computed by the building energy model in CLMU (Demuzere et al 2013; Oleson 211 

et al 2011). We prescribe the added anthropogenic heat flux because we are mostly interested in 212 

the sensitivity of canopy air temperature to anthropogenic heat flux, not what processes generate 213 

the anthropogenic heat flux. Moreover, when the building energy model in CLMU is used, the 214 

generated anthropogenic heat flux is added to the pervious and impervious surface energy budgets, 215 

which seems unphysical and is avoided in our study. Another way of interpreting our results is that 216 

they represent the sensitivity of urban canopy air temperature to anthropogenic heat fluxes from 217 

non-building (e.g., transportation) sectors with the magnitude of 1, 10, and 100 W 𝑚−2.  218 

For all simulations, we output the hourly urban canopy air temperatures, the temperatures of 219 

different urban surfaces (i.e., roof, walls, and canyon floors), the surface-canopy air heat 220 

conductance (𝑐𝑠), as well as the atmosphere-canopy air heat conductance (𝑐𝑎 ). Note that the 221 
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outputted 𝑐𝑠 and 𝑐𝑎 are computed internally via their parameterizations in CLMU. These hourly 222 

outputs are then used in the forcing-feedback framework described in Section 2.1. Specifically, we 223 

compute the hourly sensitivity parameters based on equations (6) - (9). Given that we do not have 224 

atmospheric feedbacks in our simulations, 𝜆4 = 0. With the sensitivity parameters calculated using 225 

equations (6) - (9), the total sensitivity (∆𝑇𝑎/∆𝑄𝐴𝐻) can be diagnosed using equations (3) and (5). 226 

The diagnosed ∆𝑇𝑎/∆𝑄𝐴𝐻 is then compared to the directly computed ∆𝑇𝑎/∆𝑄𝐴𝐻 mentioned above 227 

(e.g., for AH1 the directly computed ∆𝑇𝑎/∆𝑄𝐴𝐻  is simply 𝑇𝑎,1 − 𝑇𝑎,0). We average the hourly 228 

results over 20 years from 1980 to 1999.  229 

Before we move to the results section, it is informative to briefly discuss the physics behind 230 

𝑐𝑎 and 𝑐𝑠 and their parameterizations in CLMU, as they are key parameters in the forcing-feedback 231 

framework (see e.g., equation (6)). Physically, 𝑐𝑎 (𝑐𝑠) represents the efficiency of convective heat 232 

transfer between the overlying atmosphere (the urban surfaces) and the canopy air. Given that the 233 

flow within the UCL is turbulent, both 𝑐𝑎 and 𝑐𝑠 are strongly affected by shear and buoyancy, the 234 

two main sources of turbulence kinetic energy. However, 𝑐𝑎 and 𝑐𝑠 are fundamentally different 235 

because they represent the convective heat transfer efficiencies across different levels. In terms of 236 

their parameterizations in CLMU, 𝑐𝑎  is parameterized through the classic Monin-Obukhov 237 

similarity theory (Oleson et al 2008a). Hence, 𝑐𝑎 is strongly affected by atmospheric stratification. 238 

However, 𝑐𝑠 is parameterized as only a function of wind speed in the urban canyon (Oleson et al 239 

2008a) and is thus much less affected by atmospheric stratification compared to 𝑐𝑎.  240 

3. Results  241 

3.1. Sensitivity of canopy air temperature to anthropogenic heat flux (∆𝑻𝒂/∆𝑸𝑨𝑯) and the 242 

associated feedback parameters 243 
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We first present the sensitivity ∆𝑇𝑎/∆𝑄𝐴𝐻 simulated by CLMU in summer (June-August, or JJA) 244 

and winter (December-February, or DJF) seasons (figure 2). The results shown here have been 245 

averaged over 20 years (1980-1999) and are based on the AH1 experiment where the added 246 

anthropogenic heat flux is 1 𝑊 𝑚−2. The effect of increasing the magnitude of anthropogenic heat 247 

flux will be discussed in Section 3.4. In summer, the median value of the sensitivity ∆𝑇𝑎/∆𝑄𝐴𝐻 is 248 

around 0.01 𝐾 (𝑊 𝑚−2)−1, broadly comparable with previous studies presented in table 1. Here 249 

the median values are shown to minimize the influence of outliers. In winter, the sensitivity 250 

∆𝑇𝑎/∆𝑄𝐴𝐻 becomes stronger, with the median value increased by about 20%. In some cities in the 251 

southwestern U.S. (e.g., Los Angeles and Phoenix), the winter values of ∆𝑇𝑎/∆𝑄𝐴𝐻 even reach 252 

0.03 𝐾 (𝑊 𝑚−2)−1.      253 

To understand the directly computed ∆𝑇𝑎/∆𝑄𝐴𝐻 from CLMU simulation results, we employ 254 

the forcing-feedback framework described in Section 2.1. The total sensitivity diagnosed from this 255 

framework (i.e., using equations (5) - (9)) matches very well with the directly computed ∆𝑇𝑎/∆𝑄𝐴𝐻 256 

(figure 2), with spatial correlation coefficients larger than 0.99. These results give us confidence 257 

to use the forcing-feedback framework to interpret ∆𝑇𝑎/∆𝑄𝐴𝐻.  258 

Based on the forcing-feedback framework, the total sensitivity parameter ( 𝜆𝑎𝑙𝑙 ) can be 259 

decomposed into the sum of the baseline sensitivity parameter (𝜆0) and the feedback parameters 260 

(𝜆1, 𝜆2, and 𝜆3). We find that the magnitude of 𝜆𝑎𝑙𝑙 is almost identical to the magnitude of 𝜆0 (the 261 

spatial median value is -122 𝑊 𝑚−2 𝐾−1  for both 𝜆𝑎𝑙𝑙  and 𝜆0) in summer (figure 3). This is 262 

because the sum of the three feedback parameters (𝜆1 + 𝜆2 + 𝜆3) is very small, with the positive 263 

feedbacks and negative feedbacks nearly cancelling each other. The positive feedback is mainly 264 

from changes in surface temperatures (𝜆1 , with a median value of 24 𝑊 𝑚−2  𝐾−1 ). This is 265 

expected as increases in surface temperature due to the added anthropogenic heat flux can in turn 266 
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amplify the canopy air warming. On the other hand, the negative feedback is mainly the result of 267 

changes in atmosphere-canopy air heat conductance (𝜆2, with a median value of -25 𝑊 𝑚−2 𝐾−1). 268 

As the anthropogenic heat flux is added, the atmospheric stratification is altered (i.e., relatively 269 

more unstable), resulting in increased atmosphere-canopy air heat conductance (𝑐𝑎). This in turn 270 

leads to an increase in heat transfer into the overlying atmosphere and a dampening of the canopy 271 

air warming signal. The feedback from changes in surface-canopy air heat conductance (𝜆3, with 272 

a median value of 1 𝑊 𝑚−2 𝐾−1) is much weaker than the other two feedback processes. This can 273 

be explained by the parameterization of surface-canopy air heat conductance (𝑐𝑠) in CLMU, which 274 

is only dependent on the wind speed in the UCL and thus is a much weaker function of atmospheric 275 

stratification than the atmosphere-canopy air heat conductance (𝑐𝑎).  276 

In winter (figure 3), the negative feedback from atmosphere-canopy air heat conductance (𝜆2) 277 

decreases in its magnitude by 11 𝑊 𝑚−2 𝐾−1 (in terms of median value) when compared to its 278 

summer counterpart (see also figure S1 for a comparison between summer and winter results). 279 

Namely, 𝜆2 becomes less negative, implying that the negative feedback from atmosphere-canopy 280 

air heat conductance (𝑐𝑎) is weakened. Unlike the reduced magnitude of 𝜆2 in winter, the winter-281 

summer differences in 𝜆1  and 𝜆3  are much smaller (about 1 𝑊 𝑚−2  𝐾−1  in terms of median 282 

values) and almost negligible. As a result, the sum of feedbacks (𝜆1 + 𝜆2 + 𝜆3) becomes positive 283 

in winter (compared to nearly zero in summer). The absolute value of the total sensitivity parameter 284 

(𝜆𝑎𝑙𝑙) therefore decreases, which further leads to an increase in the sensitivity ∆𝑇𝑎/∆𝑄𝐴𝐻. The 285 

weakened negative feedback from atmosphere-canopy air heat conductance (𝑐𝑎) explains why 286 

stronger canopy air warming is observed in winter than in summer with the same amount of 287 

anthropogenic heat flux (figure 2), a typical result in the literature.  288 

3.2. Spatial variability of the sensitivity (∆𝑻𝒂/∆𝑸𝑨𝑯) and its controlling factors 289 
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Figure 2 exhibits strong spatial variabilities in the sensitivity ∆𝑇𝑎/∆𝑄𝐴𝐻 . To understand these 290 

spatial variabilities, we first note that the spatial pattern of the baseline sensitivity parameter 𝜆0 is 291 

very close to that of 𝜆𝑎𝑙𝑙, with spatial correlation coefficients of 0.77 and 0.95 in summer and 292 

winter, respectively. Therefore, the spatial variability of 𝜆0  largely determines the spatial 293 

variability of the sensitivity ∆𝑇𝑎/∆𝑄𝐴𝐻 . From equation (6), 𝜆0  is proportional to the sum of 294 

atmosphere-canopy air heat conductance (𝑐𝑎) and surface-canopy air heat conductance (𝑐𝑠). We 295 

find that 𝑐𝑠 is less than 20% of 𝑐𝑎 and shows little spatial variability (not shown). As a result, one 296 

would expect that the spatial variability of 𝜆0 is mainly controlled by the spatial variability of 𝑐𝑎.  297 

This is indeed the case. We find that the spatial correlation coefficients between 𝜆0 and 𝑐𝑎 are 298 

very strong (-0.87 and -0.98 in summer and winter, respectively). The negative correlations are 299 

understandable since physically the atmosphere-canopy air heat conductance (𝑐𝑎) indicates how 300 

strongly the air within the UCL communicates with the overlying atmosphere in terms of 301 

convective heat transfer. In places with larger (smaller) 𝑐𝑎, it is easier (more difficult) to transfer 302 

heat from the UCL to the overlying atmosphere, and thus the canopy air warming signal is weaker 303 

(stronger) with the same amount of anthropogenic heat flux.  304 

3.3. Diurnal variation of the sensitivity (∆𝑻𝒂/∆𝑸𝑨𝑯) and its controlling factors 305 

We further analyze the diurnal variation of ∆𝑇𝑎/∆𝑄𝐴𝐻. To do so, we select four metropolitan cities 306 

that have widely different climates and geographical locations (San Francisco, Boston, Chicago, 307 

and Houston), instead of presenting averaged results over the CONUS.  308 

In summer (figure 4(a)), all four cities experience a higher ∆𝑇𝑎/∆𝑄𝐴𝐻 in the early morning 309 

than in other times. The morning peak of ∆𝑇𝑎/∆𝐴𝐻 is around 0.038 𝐾 (𝑊 𝑚−2)−1 in Houston, 310 

followed by San Francisco, Boston, and Chicago. In the afternoon, the sensitivity in all cities is 311 
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close to 0.01 𝐾 (𝑊 𝑚−2)−1, which is consistent with the findings of Kikegawa et al (2014) that 312 

also suggested a summer afternoon sensitivity of 0.01 𝐾 (𝑊 𝑚−2)−1. In contrast, there exist large 313 

differences in the diurnal variation of ∆𝑇𝑎/∆𝑄𝐴𝐻 in winter (figure 4(b)). The sensitivity ∆𝑇𝑎/∆𝑄𝐴𝐻 314 

in Boston and Chicago is around 0.01 𝐾 (𝑊 𝑚−2)−1  throughout the day with small diurnal 315 

variations, while the diurnal variations of ∆𝑇𝑎/∆𝑄𝐴𝐻 in Houston and San Francisco are strong, 316 

with much larger nighttime values than daytime values. San Francisco has the largest sensitivity 317 

in winter among the four cities with a peak value of 0.036 𝐾 (𝑊 𝑚−2)−1.  318 

According to the forcing-feedback framework, the diurnal variations of ∆𝑇𝑎/∆𝑄𝐴𝐻 are linked 319 

to the diurnal variations of feedback parameters, including the baseline sensitivity parameter (𝜆0). 320 

As shown in figure 4(c-l), 𝜆0 and, to a lesser extent, 𝜆2 exhibit diurnal variations that resemble 321 

those of 𝜆𝑎𝑙𝑙 , implying that the diurnal variations of ∆𝑇𝑎/∆𝑄𝐴𝐻  are controlled by processes 322 

encoded in 𝜆0  (equation (6)) and, to a lesser extent,  𝜆2  (equation (8)). Close inspection of 323 

equations (6) and (8) indicates that a common process in equations (6) and (8) is the atmosphere-324 

canopy air heat conductance (𝑐𝑎), suggesting that the diurnal variation of 𝑐𝑎 (and 𝛥𝑐𝑎) are the key 325 

to understanding the diurnal variation of ∆𝑇𝑎/∆𝑄𝐴𝐻.  326 

The atmosphere-canopy air heat conductance (𝑐𝑎 ) is controlled by shear- and buoyancy-327 

generated turbulence and thus is strongly affected by atmospheric stratification. In winter, the air 328 

within UCL experiences more stable conditions at night, and hence 𝑐𝑎  is smaller, 𝜆0  is less 329 

negative (figure 4(f)), and ∆𝑇𝑎/∆𝑄𝐴𝐻  is larger (figure 4(b)) than their daytime counterparts, 330 

assuming that the shear is the same between daytime and nighttime. In summer, the accumulation 331 

of stable stratification throughout the night reduces 𝑐𝑎 (leading to less negative 𝜆0, figure 4(e)) and 332 

increases ∆𝑇𝑎/∆𝑄𝐴𝐻  (figure 4(a)). After sunrise, the stratification transitions from stable to 333 

unstable, which increases 𝑐𝑎 , causes more negative 𝜆0 , and reduces ∆𝑇𝑎/∆𝑄𝐴𝐻 . These two 334 
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processes yield a morning peak of ∆𝑇𝑎/∆𝑄𝐴𝐻, as observed in figure 4(a). Shear also plays an 335 

important role. For example, the stronger winds in Boston and Chicago in winter likely cause 336 

larger shear, leading to larger 𝑐𝑎  and smaller ∆𝑇𝑎/∆𝑄𝐴𝐻 , when compared to Houston and San 337 

Francisco (figure 4(b)).  338 

3.4. Nonlinear response of ∆𝑻𝒂 to ∆𝑸𝑨𝑯 339 

The above results are from the AH1 experiment, which adds 1 𝑊 𝑚−2 of anthropogenic heat flux 340 

into the UCL. We also conduct experiments to investigate how the canopy air temperature 341 

responds to different amounts of anthropogenic heat flux. The aim of these experiments is to test 342 

whether any of the feedbacks scale nonlinearly with ∆𝑄𝐴𝐻, thereby creating nonlinear responses 343 

of ∆𝑇𝑎 to ∆𝑄𝐴𝐻. Note that the baseline sensitivity parameter (𝜆0, see equation (6)) does not change 344 

with the magnitude of anthropogenic heat flux. Thus, any nonlinear response must stem from the 345 

feedback processes.  346 

Figure 5 presents the relative changes in the sensitivity (∆𝑇𝑎/∆𝑄𝐴𝐻) and feedback parameters 347 

(𝜆1, 𝜆2, 𝜆3) by comparing AH10 and AH100 to AH1 (i.e., the results of AH10 and AH100 minus 348 

the results of AH1 and then normalized by the results of AH1). The relative changes in the 349 

sensitivity (∆𝑇𝑎/∆𝑄𝐴𝐻) are all negative, implying that the sensitivity becomes smaller as the 350 

magnitude of anthropogenic heat flux increases. The relative changes between AH100 and AH1 351 

in terms of the sensitivity ∆𝑇𝑎/∆𝑄𝐴𝐻 have median values of -27% and -35% in summer and winter, 352 

respectively. This suggests that ∆𝑇𝑎 does respond nonlinearly to ∆𝑄𝐴𝐻. Here we should stress that 353 

this result does not mean that changes in canopy air temperature ∆𝑇𝑎  become smaller as the 354 

magnitude of anthropogenic heat flux increases. It is rather the sensitivity (∆𝑇𝑎/∆𝑄𝐴𝐻) that reduces 355 

as the magnitude of anthropogenic heat flux increases.  356 
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The relative changes in feedback parameters suggest that the nonlinear response of canopy air 357 

warming to the addition of anthropogenic heat flux is mostly due to decreases in 𝜆2  (i.e., 𝜆2  358 

becomes more negative) as ∆𝑄𝐴𝐻  increases (figure 5). For example, the differences between 359 

AH100 and AH1 in terms of 𝜆2  give median values of -13% and -28% in summer and winter, 360 

respectively. As alluded to earlier in Section 3.1, 𝜆2 is associated with changes in the atmosphere-361 

canopy air heat conductance (∆𝑐𝑎). These results imply that with a larger ∆𝑄𝐴𝐻, the increase in 𝑐𝑎 362 

is stronger, leading to a more negative 𝜆2  and a weaker ∆𝑇𝑎/∆𝑄𝐴𝐻 . Therefore, the nonlinear 363 

response of ∆𝑇𝑎 to ∆𝑄𝐴𝐻 is traced to the role of 𝑐𝑎.  364 

4. Discussion  365 

There are several implications of this study that are important to appreciate. First, we argue that it 366 

is equally important to study the sensitivity (∆𝑇𝑎/∆𝑄𝐴𝐻) in addition to the forcing magnitude 367 

(∆𝑄𝐴𝐻). The sensitivity is the ratio of the response (∆𝑇𝑎) to the forcing and is a much better 368 

constrained quantity than the response itself, as can be seen from table 1. Second, the forcing-369 

feedback framework further allows us to understand why many previous studies reported a 370 

sensitivity (∆𝑇𝑎/∆𝑄𝐴𝐻) of about 0.01 𝐾(𝑊 𝑚−2)−1. Without considering any feedbacks and any 371 

role of 𝑐𝑠 (both are reasonably good assumptions), the baseline sensitivity is 𝜆𝑜 ≈ 100 W m-2 K-1 372 

(𝜌 ≈ 1 kg m-3, 𝑐𝑝 ≈ 1000 J kg-1 K-1 and 𝑐𝑎 ≈ 0.1 m s-1), yielding a sensitivity ∆𝑇𝑎/∆𝑄𝐴𝐻 of 0.01 373 

𝐾(𝑊 𝑚−2)−1. Third, the forcing-feedback framework allows us to quantify the contributions of 374 

various physical processes to the spatiotemporal variability of ∆𝑇𝑎/∆𝑄𝐴𝐻. Our results demonstrate 375 

that the atmosphere-canopy air heat conductance (𝑐𝑎 ) plays a central role in controlling the 376 

spatiotemporal variations of ∆𝑇𝑎/∆𝑄𝐴𝐻, as well as the nonlinear response of ∆𝑇𝑎 to ∆𝑄𝐴𝐻. Hence, 377 

it is critical for urban canopy models to accurately represent the convective heat transfer between 378 
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the canopy air and the overlying atmosphere, among other things. Currently, Monin-Obukhov 379 

similarity theory remains the workhorse model to parameterize 𝑐𝑎 in urban canopy models due to 380 

its popularity and parsimony (e.g., in CLMU see Oleson et al 2008a), even though urban areas are 381 

not homogeneous and thus Monin-Obukhov similarity theory does not strictly apply (Garratt 382 

1994). It remains unclear whether Monin-Obukhov similarity theory combined with urban 383 

roughness lengths are sufficient for parameterizing 𝑐𝑎 over urban areas or new theories accounting 384 

for the effects of urban canopies (e.g., similar to the work by Harman and Finnigan (2007, 2008), 385 

see also Bonan et al (2018)) are needed. Furthermore, in this context nearly all urban canopy 386 

models assume that turbulent transport is the only process that needs to be parameterized. 387 

However, dispersive transport might become relevant over areas with large variations of building 388 

heights (Akinlabi et al 2022). Addressing these questions is outside the scope of this study but is 389 

strongly needed.  390 

There are also limitations of this work that need to be pointed out. First, we only evaluate the 391 

feedback processes within the urban canopy layer. Quantifying the role of atmospheric feedback 392 

(𝜆4) and how it is scale-dependent (Li and Wang 2019) is left for future work. Second, while we 393 

highlight the central role played by the atmosphere-canopy air heat conductance (𝑐𝑎), diagnosing 394 

the physical processes as well as urban morphological parameters that give rise to the 395 

spatiotemporal variability of 𝑐𝑎 (e.g., diagnosing the differences between different cities in figure 396 

4) remains to be conducted. Within the confines of Monin-Obukhov similarity theory, 𝑐𝑎  is 397 

affected by shear-generated and buoyancy-generated turbulence and is a function of mean wind 398 

speed, roughness lengths (both momentum and thermal roughness lengths), and stability 399 

parameters. The momentum roughness length is further a complex function of building height and 400 

canyon geometry. Understanding the spatiotemporal variability of 𝑐𝑎  and its relation to these 401 
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underlying factors is beyond the scope of this study. Third, this study does not prescribe spatially 402 

and temporally varying anthropogenic heat flux. This is justified by the focus of this work on the 403 

sensitivity (∆𝑇𝑎/∆𝑄𝐴𝐻) instead of the response (∆𝑇𝑎). The temperature response (∆𝑇𝑎) can be 404 

viewed as the product of the sensitivity ( ∆𝑇𝑎/∆𝑄𝐴𝐻 ) and the forcing  (∆𝑄𝐴𝐻) . Thus, the 405 

spatiotemporal variability of temperature response is further complicated by the spatiotemporal 406 

variability of the forcing. Studies aiming to quantify the temperature response should also address 407 

the variability of the forcing.  408 

5. Conclusion  409 

Anthropogenic heat flux is an important control of the urban thermal environment. Although many 410 

studies investigated the impacts of anthropogenic heat flux, the key factors controlling the 411 

magnitude of the sensitivity of urban air temperature to anthropogenic heat flux (∆𝑇𝑎/∆𝑄𝐴𝐻) and 412 

its spatial and temporal patterns remain elusive. In this study, we develop a forcing-feedback 413 

framework based on the energy balance of air within the urban canopy layer and apply the 414 

framework to diagnosing simulated ∆𝑇𝑎/∆𝑄𝐴𝐻 over CONUS by a numerical model. Within the 415 

forcing-feedback framework, the sensitivity (∆𝑇𝑎/∆𝑄𝐴𝐻) is decomposed into the direct effect of 416 

𝑄𝐴𝐻 on 𝑇𝑎, as well as feedbacks through changes in the surface temperature (𝑇𝑠), the atmosphere-417 

canopy air heat conductance (𝑐𝑎), and the surface-canopy air heat conductance (𝑐𝑠). This forcing-418 

feedback framework allows us, for the first time, to understand the contributions of physical 419 

processes within the UCL to ∆𝑇𝑎/∆𝑄𝐴𝐻  and the spatiotemporal variability of ∆𝑇𝑎/∆𝑄𝐴𝐻  in a 420 

quantitative manner.  421 

Our study first examines the seasonal variation of the sensitivity ∆𝑇𝑎/∆𝑄𝐴𝐻. In summer, the 422 

positive feedback (mainly from changes in surface temperature, represented by 𝜆1 ) is nearly 423 
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cancelled by the negative feedback (mainly from changes in atmosphere-canopy air heat 424 

conductance 𝑐𝑎, represented by 𝜆2). As a result, the sensitivity ∆𝑇𝑎/∆𝑄𝐴𝐻 is dominated by the 425 

direct effect (represented by 𝜆0). In winter, the negative feedback from 𝑐𝑎  (represented by 𝜆2) 426 

weakens, leading to a stronger ∆𝑇𝑎/∆𝑄𝐴𝐻 . We also investigate the diurnal variations of 427 

∆𝑇𝑎/∆𝑄𝐴𝐻. The results show that the diurnal variations of ∆𝑇𝑎/∆𝑄𝐴𝐻 are mostly controlled by the 428 

diurnal variations in 𝜆0, and to a less extent, 𝜆2, both of which are strongly related to the diurnal 429 

variations of 𝑐𝑎  (and ∆𝑐𝑎). Hence, it can be summarized that the temporal (both seasonal and 430 

diurnal) dynamics of ∆𝑇𝑎/∆𝑄𝐴𝐻 are mostly controlled by those of 𝑐𝑎. We also find that the spatial 431 

variability of ∆𝑇𝑎/∆𝑄𝐴𝐻 over CONUS is mainly determined by the direct effect (𝜆0). Since 𝜆0 is 432 

proportional to the sum of 𝑐𝑎 and 𝑐𝑠,  and 𝑐𝑠 shows little spatial variability, the spatial variability 433 

of ∆𝑇𝑎/∆𝑄𝐴𝐻 is dominated by the spatial variability of 𝑐𝑎. We further examine the nonlinearity in 434 

the response of ∆𝑇𝑎 to ∆𝑄𝐴𝐻 by varying the magnitude of ∆𝑄𝐴𝐻. The nonlinear response of ∆𝑇𝑎 to 435 

∆𝑄𝐴𝐻 stems mostly from the feedback process associated with changes in atmosphere-canopy air 436 

heat conductance (𝑐𝑎). Our framework provides a tool to study the feedback mechanisms that are 437 

important for understanding the sensitivity of urban canopy air temperature to anthropogenic heat 438 

flux.  439 
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Table 1. A selected list of existing studies on the warming effect of anthropogenic heat emissions. 579 

Note that most values for  ∆𝑇𝑎/∆𝑄𝐴𝐻 are rough estimates based on the data in these studies, except 580 

the work of Kikegawa et al (2014). 581 

Reference Region Model 
Peak AH 

(𝑊 𝑚−2) 

Peak 

∆𝑇𝑎 (𝐾) 

Estimated 
∆𝑇𝑎

∆𝑄𝐴𝐻
 

(𝐾 (𝑊 𝑚−2)−1) 

Ichinose et al 

(1999) 

Tokyo, 

Japan 

The Colorado State 

University Mesoscale 

Model (CSU-MM) 

1590 2.5 0.001 - 0.05 

Fan; Sailor 

(2005) 

Philadelphia, 

USA 
MM5 90 3 0.003 - 0.03 

Narumi et al 

(2009) 

Keihanshin, 

Japan 

Model in Pielke 

(1974) 
115 0.6 0.005 - 0.01 

Feng et al 

(2012) 
China WRF 50 0.15 0.003 

de Munck et 

al (2013) 
Paris, France 

A coupled model 

consisting of the non-

hydrostatic meso-

scale atmospheric 

model (MESO-NH) 

34 0.5 0.015 

Bohnenstengel 

et al (2014) 
London, UK 

The Met Office-

Reading Urban 

Surface Exchange 

Scheme (MORUSES) 

400 3 0.008 

Kikegawa et 

al (2014) 

Tokyo and 

Osaka, 

Japan 

Observations and 

WRF-CM-BEM 
220 - 0.005 - 0.012 

Feng et al 

(2014) 
East China WRF 45 0.9 0.02 

Wang et al 

(2015) 

Yangtze 

River Delta 
WRF 50 0.9 0.018 

Zhang et al 

(2016) 

Pearl River 

Delta, China 
WRF 405 3.37 0.008 

Ma et al 

(2017) 

Sydney, 

Australia 
WRF 60 1.5 0.025 

Doan et al 

(2019) 

Hanoi, 

Vietnam 
WRF 100 0.7 0.007 
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Yang et al 

(2019) 

Yangtze 

River Delta, 

China 

WRF 150 1 0.007 

Molnár et al 

(2020) 

Szeged, 

Hungary 
WRF 31 1.5 0.05 

Mei; Yuan 

(2021) 

Newton, 

Singapore 

An analytical model 

and Large-Eddy 

Simulation (LES) 

15 0.45 0.03 
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   583 

Figure 1. Schematic of the forcing-feedback framework for understanding the impact of 584 

anthropogenic heat flux ( ∆𝑄𝐴𝐻 ) on canopy air temperature ( 𝑇𝑎 ). In this framework, the 585 

anthropogenic heat flux perturbs the energy budget of the canopy air, directly altering 𝑇𝑎  and 586 

further influencing the changes in surface temperatures (𝑇𝑠) of multiple urban facets, the heat 587 

conductance between the canopy air and urban surfaces (𝑐𝑠), and the heat conductance between 588 

the canopy air and overlying atmosphere (𝑐𝑎). Besides the direct effect of 𝑄𝐴𝐻 on 𝑇𝑎, there also 589 

exists important feedbacks: 𝜆1  refers to the strength of feedback from ∆𝑇𝑠 ; 𝜆2  is the feedback 590 

parameter for ∆𝑐𝑎 ; 𝜆3  is the feedback parameter for ∆𝑐𝑠 . Source: adapted from Oleson et al. 591 

(2010).   592 
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 593 

Figure 2. The sensitivity of canopy air temperature to anthropogenic heat flux ∆𝑇𝑎/∆𝑄𝐴𝐻 594 

simulated by CLMU and diagnosed from the proposed forcing-feedback framework. (a), (c), (e) 595 

are for JJA, (b), (d), (f) are for DJF, and (e), (f) are histograms for the sensitivity ∆𝑇𝑎/∆𝑄𝐴𝐻. The 596 

median value over CONUS is also shown at the top right of each map. All units are 𝐾 (𝑊 𝑚−2)−1. 597 

The results are from AH1. Only grid cells with more than 0.1% of urban land are shown and 598 

analyzed.  599 
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 600 

Figure 3. The sensitivity and feedback parameters: (a-b) the total sensitivity parameter (𝜆𝑎𝑙𝑙), (c-601 

d) the baseline sensitivity parameter ( 𝜆𝑜 ), and the feedback parameter for the (e-f) surface 602 

temperature (𝜆1), (g-h) heat conductance between the canopy air and overlying atmosphere (𝜆2), 603 
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(i-j) heat conductance between the canopy air and urban surfaces (𝜆3). (a), (c), (e), (g), (i) are for 604 

JJA, (b), (d), (f), (h), (j) are for DJF. The median value over CONUS is also shown at the top right 605 

of each map. All units are 𝑊 𝑚−2 𝐾−1. The results are from AH1. Only grid cells with more than 606 

0.1% of urban land are shown. 607 

608 
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 609 

Figure 4. Diurnal cycles of (a-b) the sensitivity ∆𝑇𝑎/∆𝑄𝐴𝐻 (unit: 𝐾 (𝑊 𝑚−2)−1), and feedback 610 

parameters (c-d) 𝜆𝑎𝑙𝑙 , (e-f) 𝜆0, (g-h) 𝜆1, (i-j) 𝜆2, (k-l) 𝜆3 (unit: 𝑊 𝑚−2 𝐾−1) in four cities (San 611 
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Francisco, Boston, Chicago, and Houston). (a), (c), (e), (g), (i), (k) are for JJA, (b), (d), (f), (h), (j), 612 

(l) are for DJF.  613 
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 614 

Figure 5. Relative changes (represented by 𝛿, %) in (a-b) the sensitivity ∆𝑇𝑎/∆𝑄𝐴𝐻, and feedback 615 

parameters (c-d) 𝜆1, (e-f) 𝜆2, (g-h) 𝜆3 by comparing AH10 and AH100 to AH1 (i.e., the results of 616 

AH10 and AH100 minus the results of AH1 and then normalized by the results of AH1). The error 617 

bars show 95% confidence interval over CONUS. (a), (c), (e), (g) are for JJA, (b), (d), (f), (h) are 618 

for DJF. 619 
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