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Materials and Methods 
Modeling 
WRF has a detailed level of complexity, including multiple parameterization options  

for the land surface, boundary layer, convection, microphysics, and radiation (1). 
Preliminary model simulations were conducted to benchmark code stability and 
performance (i.e., correspondence to observed climate). This resulted in the selection of 
the following parameterization options, presented in Table S2.   
 

The three-category UCM (2, Table S2) required diurnal profiles of anthropogenic  
heating (AH) for each of the low, medium, and high intensity residential/commercial 
urban classes. The peak daytime values of AH utilized for all simulations were 20, 30, 
and 35 Wm-2 in order from least to most intense urban classification. Maximum AH 
values utilized correspond to a metropolitan area with a conservative contribution of 
heating from anthropogenic sources (3-4). The hourly factor applied to AH (with peak 
values as expressed above), which expresses the fraction of hourly AH emission, starting 
at 01 Local Time through the end of the 24-hour diurnal cycle (this factor was applied for 
each hour of the simulated period, for all urban areas) is presented in Fig. S1. Also shown 
are diurnal AH representations (after multiplication by the aforementioned factor with 
daytime AH maxima) for each of the above-mentioned urban classes. Two maxima are 
evident, corresponding to heating due to traffic patterns, which rise during morning rush 
hour and once again during late-afternoon/evening hours. Additional components 
contributing to the diurnal shape of the AH pattern are electricity consumption and 
human metabolism (the latter of which is a second-order AH contributor; 4). The diurnal 
shape of AH profiles is consistently similar across a select number of large cities across 
the United States (4), with differences arising from the magnitude of AH contribution. 
The AH magnitude utilized for our simulations, more similar to Los Angeles than 
Philadelphia, therefore indicate a conservative AH contribution to future urban 
expansion, since the identical AH profiles presented in Fig. S1 were utilized for both 
current and future urban expansion/adaptation scenarios.  
 

For non-urban classes, a Moderate Resolution Imaging Spectroradiometer-based 20- 
category land use and land cover classification with modifications by NCEP (1) was used 
to represent the remaining land surface portion of the modeling domain (see also: 
ftp://ftp.emc.ncep.noaa.gov/mmb/gcp/ldas/noahlsm/README). Urban area 
representation made use of the Environmental Protection Agency’s Integrated Climate 
and Land Use Scenarios Project (ICLUS version 1.3; 5), which produced spatially 
resolved scenarios of current and future urban expansion, consistent with projections of 
global change. ICLUS projections were mapped to the WRF domain, with Control 
experiments using modern day urban representation (5) representative of year 2000, 
consistent with the time period of Control simulations. Projected changes in urban 
expansion were categorized according to the degree of expansion, with A2 ICLUS 
corresponding to greatest expansion and B1 ICLUS corresponding to least urban 
expansion for year 2100 (Table S1).  
 

We represent albedo (for all non-urban classes) based on a monthly, five-year, 0.144°  
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climatological dataset assumed to be valid at the 15th of each month (6).  Monthly 
vegetation fraction (i.e., the fraction of each 20-km grid cell that is not bare soil) fields, 
for non-urban classes, are based on a five-year, 0.144° climatological dataset, with values 
in percentages ranging from 1 to 99 over land, and 0 over water (7). 
 

All adaptation simulations were based on the A2 ICLUS urban expansion scenario for  
year 2100. A trio of adaptation strategies were examined (Table S1): (1) a green roofs 
approach (hereafter A2-GreenRoofs), (2) a cool roofs approach (hereafter A2-
CoolRoofs), and (3) a hybrid approach incorporating biophysical characteristics of both 
cool and green roofs (hereafter A2-GreenAlbedo).  
 

Incorporation of green roofs as an urban heat island (UHI) mitigation strategy has  
demonstrated multiple benefits ranging from storm water retention, to increased energy 
savings resulting from decreased temperatures, to air quality enhancement within the 
built environment (8-16). Our work extends previous research in two important ways. 
First, by focusing on large spatial scales (i.e., the entire United States) we are able to 
address the efficacy of this strategy across many urban environments simultaneously, 
facilitating capacity to examine geographical locations where this approach is optimal. 
Second, our green roofs implementation is dynamically coupled to WRF (i.e., green roofs 
operating within a larger scale numerical modeling framework), thereby allowing for 
process simulation of the fully interacting urban-regional climate environment including 
examination of potential feedbacks. To our knowledge, a fully explicit green roofs model 
has yet to be implemented within a dynamical climate model (e.g., WRF) and our aim 
here is to investigate maximum potential benefits that could be realized via the most basic 
implementation of this adaptation approach, encouraging future work integrating a fully 
explicit green roofs (and walls) parameterization that includes multiple roof soil layers as 
well as vegetation characteristics (e.g., LAI, albedo, etc.) and seasonally evolving 
phenology. To simplify and assess first-order impacts, we set roof moisture availability to 
a value corresponding to 1 mm of rain (i.e., we assume 1mm thick pool of water on all 
roofs) for all urban classes at all times.  One drawback of this simple approach is that 
while we are able to examine maximum hydroclimatic impacts associated with the green 
roofs strategy, we are not able to assess effects on air quality (as no vegetation is 
explicitly present in this preliminary implementation).  Our assumption behind this 
approach is that a principal benefit of green roof strategies is derived from enhanced 
evapotranspiration (ET) due to vegetation, and resulting cooling impacts. Our approach 
therefore maximizes potential ET-derived benefits as the flux of water to the atmosphere 
is limited by insolation only (i.e., we assume water availability is not a constraint). In this 
manner, our GreenRoofs (Table S1) simulations account for the maximum possible 
hydroclimatic effects of green roof deployment. 
 

The effectiveness of cool roofs is based on the premise of highly reflective materials,  
whereby a greater fraction of incoming solar radiation is not absorbed by rooftop surfaces 
(17).  Previous research on the efficacy of cool roofs to decrease surface (or near-surface) 
temperatures has shown that temperatures can be lowered significantly, with considerable 
potential for energy savings (18-27), an especially important consideration for already 
large or rapidly expanding urban areas in warmer climates. More recently, potential 
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tradeoffs associated with large-scale deployment of cool roofs have been highlighted on 
global (28) and regional scales (29). Research addressing tradeoffs associated with large-
scale cool roofs adoption (green roofs as well) is therefore necessary to examine location 
specific impacts on local to regional scales across climate zones to optimize maximal 
positive benefits. For our second urban adaptation approach (i.e., A2-CoolRoofs; Table 
S1), we set all roof albedos to EPA Energy Star SOLARFLECT coating value of 0.88, a 
value  
lower than the initial reflectivity after set-up and appropriate after three years of wear and 
tear (EPA Energy Star roof product list: 
http://downloads.energystar.gov/bi/qplist/roofs_prod_list.pdf?8ddd-02cf). This was the 
highest EPA Energy Star roof albedo value available, highlighting our intention of 
examining maximum impacts associated with widespread deployment of various 
adaptation strategies, to quantify and contrast peak benefits and tradeoffs. 
 

The final adaptation strategy examined (Table S1) was inspired by a recent  
bio-engineering approach aimed at maximizing solar reflectivity of crop varieties to 
mitigate surface warming due to long-lived emissions of greenhouse gases (30). Our 
modification of vegetation traits is a hybrid approach that assumes maximally transpiring 
and reflecting vegetation, combined into one rather than two separate approaches. An 
important question is how impacts due to cool roofs and green roofs scale when 
incorporating this hypothetical strategy, i.e., do integrated effects from cool roofs and 
green roofs scale linearly, or instead, is there a saturation rate beyond which impacts from 
such strategies no longer matter? 

 
Evaluation of Control Experiments 

Prior to examination of impacts due to urban expansion, the ability of WRF to 
accurately simulate United States climate during 2001-2008 must be demonstrated. The 
WRF Control simulation is evaluated against suitable gridded temperature and 
precipitation products.  

 
First we make use of the University of Delaware Global Air Temperature dataset, a 

gridded temperature product available courtesy of the Earth Systems Research 
Laboratory (http://www.cdc.noaa.gov). All Control experiment ensemble members 
(Table S1) for 2001-2008 were averaged, and the resulting comparison is presented in 
Figure S2 against the Delaware Global Air Temperature product for the equivalent time 
period. 

 
WRF captures the seasonal evolution of near-surface temperature from spring through 

the winter season. Broad warming from spring to summer is apparent over most interior 
regions, with reduced warming over the higher terrain of the Rocky and Appalachian 
Mountains, and the Pacific and Atlantic coastlines, agreeing admirably with the Delaware 
Global Air Temperature dataset. There is a general warm bias of ~3-5°C for summer 
season (i.e., JJA) over the Great Plains, potentially related to simulated drying of the top 
soil layers during late spring/early summer season. Fall, winter, and spring season near-
surface temperatures are reproduced with excellent fidelity, with negligible bias over any 
region of the lower 48 states. In general, both the magnitude and spatial variability of 
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near-surface temperature are well reproduced providing confidence in the model’s ability 
to accurately simulate the diverse and seasonally varying thermal behavior of the United 
States during the simulated time period.  

 
Researchers have recently emphasized that considerable variability exists among 

different precipitation datasets, compounding uncertainties associated with model 
simulation evaluation against gridded products (31).  For this reason, WRF simulated 
precipitation is compared to a pair of observationally based, gridded products: (i) the 
University of Delaware Global Precipitation dataset, and (ii) the CPC US Unified 
Precipitation dataset provided by NOAA/OAR/ESRL PSD from their Web site at 
http://www.esrl.noaa.gov/psd/data/gridded/data.unified.html. Figure S3 compares Control 
performance (Figure S3a) to the Delaware (Figure S3b) and UNIFIED (Figure S3c) 
datasets. The UNIFIED dataset does not include data for Canada, and all pixels over the 
country were set to an undefined value. Our focus is therefore restricted to the continental 
United States, for which data availability does not restrict Control experiment evaluation, 
and which is the focus of the conducted sensitivity experiments.  

 
Both gridded product datasets illustrate a distinct demarcation, generally along the 

100th meridian, separating the relatively moister eastern from the relatively drier western 
United States. WRF properly simulates the position and magnitude (1.5–2 mm day-1) of 
this boundary. The gridded products are in general agreement with one another over 
western portions of the United States, but differ from WRF Control simulations, which 
produce greater precipitation amounts along the higher terrain of the Rocky and Sierra 
Mountain ranges, as well as the Mogollon Rim and northern half of the Pacific coastline. 
Differences between the gridded products and the Control experiment are likely due to 
the higher resolution of WRF simulations, which better capture the variability of western 
United States terrain and coastline features. The Delaware product appears to be the 
driest of the pair of observationally based datasets, highlighting the value of evaluating 
model simulation results against more than one product. WRF is able to capture the 
tendency of enhanced precipitation across the Gulf States, a feature previously not well 
captured. As already mentioned for temperature, the magnitude and spatial variability of 
precipitation is well simulated, and provides further confidence in the model’s ability to 
simulated United States climate during this period of time. 

 
It is important to highlight that it is not the intent of this research to replicate 2001-

2008 climate exactly, but to provide assurance that regional and large-scale features are 
ably reproduced in order to provide confidence in the tool for the sensitivity experiments 
under investigation.  We expect that inherent model biases (e.g., summer-time warm bias 
over the Great Plains) are consistent across the suite of sensitivity simulations and 
consequently offset one another when calculating differences. 
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Fig. S1. Diurnal cycle of anthropogenic heating factor (red line with crosses) and UCM 
category-specific anthropogenic heating utilized for all simulations (AH High 
Intensity/Commercial: black line; AH Medium Intensity: blue line; AH Lo Intensity: 
Green line). Time shown is Local Time.   
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Fig. S2. Simulated (left hand column) and observed (right hand column) 
seasonally averaged 2m air temperature (°C), for (a-b) spring, (c-d) summer, (e-f) 
fall, and (g-h) winter, for Control experiments. Time period of all simulations is 
2001-2008. Observational dataset used is the University of Delaware Global 
Temperature dataset. 
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Fig. S3. Simulated and observed total accumulated precipitation, for (a) WRF 
Control simulation, (b) University of Delaware Global Temperature dataset, and 
(c) UNIFIED Precipitation dataset. Time period of analysis is 2001-2008. Units 
are mm day-1.   
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Fig. S4. As Figure 1, but for B1 ICLUS expansion scenario minus Control 
experiment (°C). 
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Fig. S5. As Figure 1, but for MAM. 

  



	
   11	
  

 
 
Fig. S6. As Figure 1, but for SON. 

  



	
   12	
  

 
 
Fig. S7. As Figure 1, but for DJF. 
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Fig. S8. As Figure 1, but for entire year. 
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Fig. S9. Simulated March-April-May (MAM) evapotranspiration (ET) difference 
between A2 and Control (mm day-1). Differences are shown only for statistically 
significant pixels (illustrated by hatching in Figure 1). Estimated impacts of all expansion 
and adaptation scenarios for indicated urban areas are shown as insets and performed 
only for statistically significant grid cells, with black ovals outlining each region. Red 
lines show median impacts; blue box bars show 1st and 3rd quartiles and whiskers 
represent endpoints, from 24 simulated summers. box plots indicate differences between 
A2 and control, B1 and control, A2 green roofs and control, A2 cool roofs and control, 
and A2 with green–albedo roofs and control from top to bottom, respectively. 
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Fig. S10. As Figure Fig. S9 but for JJA. 
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Fig. S11. As Figure Fig. S9 but for SON. 
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Fig. S12. As Figure ET for DJF.  
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Fig. S13. As Figure 2 but for MAM.  
 
  



	
   19	
  

 
Fig. S14. As Figure 2 but for SON. 
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Fig. S15. As Figure 2 but for DJF. 
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Fig. S16. As Figure 3 but for MAM. 
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Fig. S17. As Figure 3 but for SON. 
 
  



	
   23	
  

 

 
 
Fig. S18. As Figure 3 but for DJF. 
 
 
 
 
  



	
   24	
  

	
  
Naming Convention Spinup Period Analysis Period 

Control  

Control_1 JAN 2000 – DEC 2000 JAN 2001 – DEC 2008 

Control_2 JUL 2000 – DEC 2000 JAN 2001 – DEC 2008 

Control_3 –  JAN 2001 – DEC 2008 

A2 ICLUS  

A2_1 JAN 2000 – DEC 2000 JAN 2001 – DEC 2008 
A2_2 JUL 2000 – DEC 2000 JAN 2001 – DEC 2008 

A2_3 – JAN 2001 – DEC 2008 
B1 ICLUS  

B1_1 JAN 2000 – DEC 2000 JAN 2001 – DEC 2008 
B1_2 JUL 2000 – DEC 2000 JAN 2001 – DEC 2008 

B1_3 – JAN 2001 – DEC 2008 
A2-GreenRoofs   

A2_GreenR1 JAN 2000 – DEC 2000 JAN 2001 – DEC 2008 
A2_GreenR2 JUL 2000 – DEC 2000 JAN 2001 – DEC 2008 

A2_GreenR3 – JAN 2001 – DEC 2008 
A2-CoolRoofs   

A2_CoolR1 JAN 2000 – DEC 2000 JAN 2001 – DEC 2008 
A2_CoolR2 JUL 2000 – DEC 2000 JAN 2001 – DEC 2008 

A2_CoolR3 – JAN 2001 – DEC 2008 
A2-GreenAlbedo   

A2_GreenAlb1 JAN 2000 – DEC 2000 JAN 2001 – DEC 2008 
A2_ GreenAlb2 JUL 2000 – DEC 2000 JAN 2001 – DEC 2008 

A2_ GreenAlb3 – JAN 2001 – DEC 2008 
Table S1. Naming convention of all experiments performed. Control: Control 
experiments, utilizing ICLUS urban representation for year 2000. A2 ICLUS: 
Experiments utilizing projected A2 ICLUS urban representation for year 2100. B1 
ICLUS: Experiments utilizing projected B1 ICLUS urban representation for year 2100.   
A2-GreenRoofs: As A2 ICLUS experiments, with incorporation of green roofs for all 
urban areas. A2-CoolRoofs: As A2 ICLUS experiments, with incorporation of cool roofs 
for all urban areas. A2-GreenAlbedo: As A2 ICLUS experiments, with incorporation of 
reflective green roofs for all urban areas. All experiments were repeated 3 times (i.e., 3 
ensemble members) with variable spinup time. 
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WRF Specifications 

Model Version: Version 3.2.1 

Horizontal Grid:  ΔX, ΔY, 20-km 

Number of Points: 310 (X-dir.); 200 (Y-dir.) 

Vertical Levels: 30 levels 

Initialization Time: See Table S1 

Terminal Time: December 31, 21Z 2008 

Analysis Time: January 1, 00Z 2001 - December 31, 21Z 2008 

ΔT: 90 seconds 

Radiation Scheme: RRTM (longwave); RRTMG (shortwave) 

Surface Model: Noah 

Cumulus Scheme: Kain-Fritsch 

Microphysics Scheme WSM-3 

PBL Scheme Mellor-Yamada-Janjic 

Surface Layer Eta similarity 

Urban Model 3-category Urban Canopy Model 

Initial and Lateral Boundary 
Conditions: FNL 

 
 
 
Table S2. Model parameterizations used for all experiments. 
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CALIFORNIA ΔTURB [°C]; ΔTGHG [°C] ΔEURB [%]; ΔEGHG [%] 
A2 0.48; 4.26 − (1-7); − (13-64) 
B1 0.31; 0.37 − (1-5); − (1-6) 
Cool Roofs -0.90 + (3-14) 
Green Roofs 0.14 − (0-2) 
Green-Albedo Roofs -0.90 + (3-14) 
ARIZONA   
A2 Scenario 0.54; 4.64 − (2-8); − (14-70) 
B1 Scenario -0.01; 0.36 − (0); − (1-5) 
Cool Roofs -0.79 + (2-12) 
Green Roofs 0.10 − (0-2) 
Green-Albedo Roofs -0.84 + (3-13) 
TEXAS   
A2  0.79; 4.27 − (2-12); − (13-64) 
B1 0.24; 0.86 − (1-4); − (3-13) 
Cool Roofs -1.14 + (3-17) 
Green Roofs 0.16 − (0-2) 
Green-Albedo Roofs -1.18 + (4-18) 
FLORIDA   
A2 0.66; 3.46 − (2-10); − (10-52) 
B1 0.38; 0.21 − (1-6); − (1-3) 
Cool Roofs -1.05 + (3-16) 
Green Roofs 0.01 − (0) 
Green-Albedo Roofs -1.03 + (3-15) 
MidAtlantic   
A2 0.59; 5.12 − (2-9); − (15-77) 
B1 0.17; 1.58 − (1-3); − (5-24) 
Cool Roofs -1.54 + (5-23) 
Green Roofs 0.27 − (1-4) 
Green-Albedo Roofs -1.56 + (5-23) 
Chicago/Detroit   
A2 0.62; 6.78 − (2-9); − (20-102) 
B1 0.27; 2.01 − (1-4); − (6-30) 
Cool Roofs -0.67 + (2-10) 
Green Roofs 0.59 − (2-9) 
Green-Albedo Roofs -0.63 + (3-9) 
Table S3. As Table 2 but for December-January-February (DJF). 
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Arizona 
Adaptation Strategy Deployment % JJA: ΔTURB [°C]; ΔEURB [%] DJF: ΔTURB [°C]; ΔEURB [%] 
Green Roofs 90% -0.14; - (1-3) 0.09; - (0-1) 
Cool Roofs 66% -0.31; - (2-6) -0.52; + (2-8) 
Green-Albedo 57% -0.46; - (2-9) -0.48; + (1-7) 
 
 

California 
Adaptation Strategy Deployment % JJA: ΔTURB [°C]; ΔEURB [%] DJF: ΔTURB [°C]; ΔEURB [%] 
Green Roofs 67% -0.16; - (1-3) 0.09; - (0-1) 
Cool Roofs 47% -0.68; - (3-14) -0.42; + (1-6) 
Green-Albedo 44% -0.73; - (4-15) -0.40; + (1-6) 
 
 

Chicago/Detroit 
Adaptation Strategy Deployment % JJA: ΔTURB [°C]; ΔEURB [%] DJF: ΔTURB [°C]; ΔEURB [%] 
Green Roofs 59% -0.5; - (3-10) 0.35; - (1-5) 
Cool Roofs 47% -0.64; - (3-13) -0.31; + (1-5) 
Green-Albedo 45% -0.67; - (3-13) -0.28; + (1-4) 
 
 

Florida 
Adaptation Strategy Deployment % JJA: ΔTURB [°C]; ΔEURB [%] DJF: ΔTURB [°C]; ΔEURB [%] 
Green Roofs 78% -0.16; - (1-3) 0.01; - (0) 
Cool Roofs 66% -0.27; - (1-5) -0.69; + (2-10) 
Green-Albedo 62% -0.29; - (1-6) -0.64; + (2-10) 
 
 

Mid-Atlantic 
Adaptation Strategy Deployment % JJA: ΔTURB [°C]; ΔEURB [%] DJF: ΔTURB [°C]; ΔEURB [%] 
Green Roofs 48% -0.57; - (3-11) 0.13; - (0-2) 
Cool Roofs 37% -0.67; - (3-13) -0.57; + (2-9) 
Green-Albedo 34% -0.69; - (3-14) -0.53; + (2-8) 
 
 

Texas 
Adaptation Strategy Deployment % JJA: ΔTURB [°C]; ΔEURB [%] DJF: ΔTURB [°C]; ΔEURB [%] 
Green Roofs 82% -0.38; - (2-8) 0.13; - (0-2) 
Cool Roofs 54% -0.67; - (3-13) -0.62; + (2-9) 
Green-Albedo 50% -0.73; - (4-15) -0.59; + (2-9) 
 
Table S4. As Table 2 but with urban adaptation deployment to a value that offsets urban-
induced summertime warming.  
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