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Abstract

In this paper we simulate temperature reductions during heat-wave events and during
typical summer conditions from the installation of highly reflective “cool” roofs in the
Chinese megacity, Guangzhou. We simulate temperature reductions during six of the
strongest historical heat-waves events over the past decade, finding average urban
midday temperature reductions of 1.2 °C. In comparison, we simulate 25 typical
summer weeks between 2004 and 2008, finding average urban midday temperature
reductions of 0.8 °C, indicating that air temperature sensitivity to urban albedo in
Guangzhou varies strongly based on meteorological conditions. We find that roughly
three-fourths of the variance in air temperature reductions across all episodes can be
accounted for by a linear regression including only three basic properties related to
the meteorological conditions: mean daytime temperatures, humidity, and ventilation
to the greater Guangzhou urban area. While these results highlight the potential for
cool roofs to mitigate peak temperatures during heat waves, the temperature
reductions reported here are based on the upper bound case where all roofs are
modified to be more reflective (but does not include changes to road or wall

reflectivity).

! International Center for Climate and Environment Sciences, Institute of Atmospheric Physics, Chinese Academy of
Sciences, Beijing 100029, China

2 Heat Island Group, Lawrence Berkeley National Laboratory, Berkeley, CA, 94720, USA
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1 Introduction

Increasing the solar reflectance (albedo) of roofs can cool buildings, reducing air
conditioning use,1'2'3'4 and lower city-wide outdoor air temperatures.5'6°7°89°10
From a global perspective, increasing the average albedo of existing urban areas
(roughly 2% of total land area)11 is studied as a potential strategy to partially
counteract climate change by reducing the net radiation absorbed by the
Earth.12°13°14°'15°16 Furthermore, meteorological modeling of North America
indicates that urban expansion alone, in the absence of adaptations to reduce heat gain,
may cause regional temperature increases that are similar in magnitude to greenhouse
gas driven warming.17 To encourage adoption of high-albedo (“‘cool”) roofs, a
number of state and local governments around the world are considering or already
mandate the use of cool roofing materials for certain building types.1819:20 Since
2010 the governments of the United States and China have been coordinating building
energy efficiency research efforts within the U.S.-China Clean Energy Research
Center Building Energy Efficiency (CERC-BEE) Consortium.21 As a product of this
joint effort, we explore the potential for reflective roofs to cool Guangzhou, one of the
most populous urban areas in southern China. Related work from CERC-BEE
investigated the building energy use implications of switching to cool roofs across

various regions in China.20

In China, mitigation of urban heat islands could benefit the large population living in
cities with hot summers. Despite this potential benefit, only a limited number of

studies have simulated air temperature reductions due to the deployment of cool roofs
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in cities in China. For example Wang et al22 and Ma et al23 simulated the potential
for cool roofs to mitigate heat-wave events in Beijing. Li et al24 explored synergies
between urban heat islands and heat waves in Beijing and explicitly recommended

studying white and green roofs as a mitigation strategy.

In general, heat waves can pose significant public health problems.25 Additionally,
electricity grids are typically under the most stress during heat waves.26:27 In
southern China Yang et al.28 found that a 2005 heat wave had a significant impact on
mortality rates in Guangzhou. In summer, southern China is located between the
Western Pacific subtropical high and the Inter-Tropical Convergence Zone, and the
climate is often influenced by tropical weather systems such as typhoons. High
temperature events in this region are primarily caused by the adiabatic compression
heating of the downdraft in west of the typhoon periphery and are occasionally caused

from subtropical high subsidence airflow.29

In the U.S. and Europe many studies have evaluated potential air temperature
reductions as a result of cool roof deployment by modeling a single brief (2 — 4 day)
episode, often an unusually hot episode. A logical follow up question: Are the
temperature reductions found during a single hot episode representative of
temperature reductions that would be found over a whole season? Taha30 simulated
the effects of increased albedo across a range of meteorological conditions associated
with varying ozone conditions in central and southern California, but did not find
strong correlation between daily maximum temperatures and simulated temperature
reductions. Mihalakakou et al.31, however, found that synoptic conditions strongly
determined the heat island intensity in Athens, Greece, and Zhao et al.32 found that
the intensity of urban warming depends on local background climate in cities across

the United States.

This paper breaks new ground on two fronts. It is one of a limited number of studies
to evaluate potential air temperature reductions from cool roof deployment in Chinese

cities. It is also the first study to directly compare the potential air temperature
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reductions during historic Southern China heat-wave events to the potential air
temperature reductions during typical summer time periods. To make this comparison
we model six of the strongest historical heat waves in Southern China over the past

decade, as well as 25 randomly sampled summer weeks between 2004 and 2008.

Finally, the scope of this paper is limited to modeling the meteorological effects of
cool roofs. The combination of air temperature reductions and reduced boundary layer
height, commonly found when simulating cool roof adoption, can have either positive
or negative impacts on air quality depending on the local meteorological conditions
and the relative concentrations of air pollutants.33 We leave for future research the
necessary emission and air quality modeling required to accurately assess the

potential air quality impacts of cool roofs.

2 Methods

2.1 Modeling setup

Meteorological simulations were performed using the Weather Research and
Forecasting model, WRF version 3.6.34 A triple-nested domain was used (Fig. 1),
with grid resolutions of 36-, 12-, and 4-km. The outermost domain, centered at
23.17°N and 113.33°E, with horizontal dimensions of 2520 km x 2520 km and
individual grid cells with 36 km horizontal resolution, encompasses the hot summer
and cold winter regions of southern China.35 The intermediate domain provides a
resolution of 12 km and covers an area of 840 km x 840 km. The innermost domain
covers a 316 km x 280 km area and resolves the Guangzhou megacity area and the
local surrounding hills in high resolution (4 km). Figure 1 shows the ground elevation
across the three nested domains, and a close up view of the inner most domains. The
vertical grid contains 38 levels from the surface to 50 hPa, of which the lowest 7
levels are below 1 km to show a finer resolution in the planetary boundary layer. Each

modeling episode was run with a single day of spin-up time.
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Figure 1. (a) Elevation map showing the two-way triple-nested simulation domains
and the terrain height above sea level (m) in each domain: the two rectangles are the
intermediate and inner domain, respectively. (b) The inner most modeling domain: the
red line bounds the greater Guangzhou urban area, while the portions in black are
rural areas with altitudes less than 200 m above the sea level.

Both the initial and the boundary conditions were from the six-hourly National
Centers for Environmental Predictions (NCEP) operational Global Final (FNL)
Analyses on a 1° x 1° grid. Land use was derived from the Moderate Resolution
Imaging Spectroradiometer (MODIS) 20-category land dataset in 2001~2004. Sea
surface temperature is updated daily based on the AVHRR product from NOAA.36
Instead of leaf area index (LAI) information from a static table, we use the 12-
monthly, 30-second LAI dataset derived from MODIS. We also use the monthly
background surface albedo inputs from the Advanced Very High Resolution
Radiometer (AVHRR) on a polar orbiting satellite.37

The urban area in and around Guangzhou was represented in WRF using the Noah
land surface model coupled with the single-layer Urban Canopy Model (UCM)38 and
the modified Zilitinkevich relationship for thermal roughness length
parameterization39. Road, roof and building dimensions in U.S. and European cities
are smaller than those in Beijing4022, and we employed the high-intensity residential

parameterizations reported by Wang et al.22 to characterize the urban dimensions in
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the UCM. Selected parameters used in the UCM are shown in Table 1. We note that
due to a lack of detailed urban morphology data we characterized all urban area as the
high-intensity residential category within the UCM model. For non-urban cells we use
the Noah mosaic method to represent the land surface heterogeneity, which allows
three tiles to coexist within a grid cell.41 Surface layer physics was modeled with the
MMS similarity surface layer scheme4?2 and the planetary boundary layer was
modeled with the Yonsei Unversity (YSU) scheme43. Atmospheric radiative transfer
(both shortwave and longwave) was modeled with the Rapid Radiative Transfer
Model for GCMs (RRTMG).44 Ozone and aerosol properties relative to radiative
transfer were based on the climatological values that vary spatially and temporally
(monthly). The cloud microphysics processes were modeled with the Lin et al.
scheme45. The Grell-Freitas cumulus parameterization46 was employed in the two

outer domains; no cumulus parameterization was used in the inner most domain.

Table 1. Selected parameter values for the single-layer UCM.

Parameter Value Unit
Urban anthropogenic heating 50 Wm™
Road width 15 m

Roof width 20 m
Fraction Building or Road 0.8 none
Building height 13 m
Standard deviation of building height 3 m

Heat capacity of roof 1.2x10° Jm?K!
Heat capacity of building walls 1.2x10° Jm?K!
Heat capacity of ground 1.5x10° Jm?K!
Thermal conductivity of roof 0.4 Wm'K'
Thermal conductivity of building walls 1.0 Wm'K'
Thermal conductivity of ground 0.8 Wm'K'
Albedo of roof 0.12 none
Albedo of building walls 0.12 none
Albedo of ground 0.12 none
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2.2 Experimental design

We designed our experiment to explore two questions: (1) what are the average
summertime meteorological effects of adopting cool roofs across Guangzhou; and (2)
how do those effects differ during summer heat-wave events? We modeled 31
episodes, each four to six days long, in two scenarios: a ‘control’ case with roof
albedo equal to 0.12, and a ‘cool’ case with roof albedo equal to 0.55. The cool case
albedo corresponds to the aged albedo of currently available white roofing
products.47 Although some field applied roofing products are installed with initial
albedo much higher than 0.55, Sleiman et al48 show that, in hot and humid or
polluted regions in the U.S., the aging process lowers albedo to about 0.6. Similar

experimental results are not yet available in China.

Building wall and pavement albedo were held constant at 0.12 across both scenarios.
The average albedo across the greater Guangzhou urban area (including all horizontal
surfaces, not just roofs) was 0.12 in the control case and 0.30 in the cool case. We
believe this represents a realistic upper bound to potential albedo enhancement from

cool roofs in Guangzhou.

Out of 31 total episodes, six episodes, referred to hereafter as ‘heat-wave’ episodes,
were extreme heat-wave events during the last decade (from 2001 to 2010). Heat
waves in Guangzhou are commonly associated with one of two types of atmospheric
circulation patters, namely Subtropical high-Typhoon-dominated (ST) and
Subtropical high (S)-dominated.49 We have not attempted to compile a complete
database of heat wave events and have simply chosen to simulate a sample of major
heat waves. We chose three episodes of each type that have been identified and
studied in previous published research50'51°52°53, and where each episode met the
most simple heat wave warning criteria designed by the China Meteorological
Administration of three consecutive days with temperatures above 35° C. For ST-
dominated type, the episodes are 29 June - 3 July 2004, 14-18 July 2005, and 11-15
July 2007. For S-dominated type, the episodes are 21-25 August 2001, 14-18 July
2003, and 1-5 August 2004. The other 25 episodes, referred to hereafter as ‘normal’
episodes, were selected from the summers of 2004-2008 to provide a representative
sample of the average effects of cool roofs during summertime. The normal episodes

were chosen simply based on a consistent calendar starting day so the episodes did not

7
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overlap with any of the 6 historic heat waves. The normal episodes covered the 19"-
24™ of each month May through September. Those dates cover the hottest period of
the year in Guangzhou. Each of the 31 episodes was begun at 00:00 UTC, with the
first 24h discarded as spin up.

2.3 Theory and analysis framework

In the results and discussion section, simulated 2-meter air temperature change in the
greater Guangzhou urban area is presented as a function of control scenario air
temperature (Equation 1); as a function of control scenario air temperature and urban
ventilation (Equation 2); and finally as a function of control scenario air temperature,
urban ventilation, and humidity (Equation 3). These regressions were developed to
quantify the sensitivity of ambient air temperature to roof albedo under the hot and
stagnant conditions associated with Guangzhou’s heat waves. We compare the results
of the regressions to show how much more variance in temperature change can be

explained with these additional key meteorological properties.

AT o01—control = Qo + a1 XTcontrol (Eq. 1)
ATcool—(:ontrol = Qg + a1XTcontrol + aZXVcontrol (Eq~ 2)
ATcool—control = Qy + a1XTcontrol + aZXVcontrol + a3XHcontrol (Eq- 3)

T and H are the episode average simulated 2-meter air temperature (° C) and 2-meter
humidity (g water vapor per kg air), respectively, from 10:00 — 18:00 LST over the
greater Guangzhou urban area (see the outline in Figure 1b). V' is a measure of the
ventilation of Guangzhou, calculated as the average mass air flow (Gtonnes air per
hour) across the boundary and into the greater Guangzhou urban area from 10:00 —
18:00 LST for each episode. Note we did not calculate net air flow; we simply
calculated the mass air flow only where and when the flow was directed into the city
volume either horizontally or downwards into the first layer within the urban
boundary. The horizontal boundary of the city volume was defined as the border
shown in Figure 1b. The height of the city volume was defined as simply the first
model layer. In the supplemental material we report alternate regression results where
ventilation into the city was calculated based on the boundary layer height as opposed
to simply the first model layer. The subtext “control” indicates the value was

calculated based on a control simulation. A7 ool — control Was calculated as the difference
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between average 2-meter temperatures in the cool scenario and the control scenario;
thus, a negative value of AT¢ool - control Indicates that the enhancement of urban albedo
lead to a cooling of average air temperature across Guangzhou. We also note that
adding the additional variable of solar insolation to Eq. 3 did not materially increase
the amount of variance explained by the regression and thus we chose to exclude solar

insolation from Eq. 3.

3 Results and discussion

3.1 Comparison of the control scenario simulations to observations

We compared control scenario simulated 2-meter air temperature to available
corresponding observations from NOAA Global Summary of the Day (GSOD)
data.54 Available temperature observations in the GSOD data include daily mean,
maximum and minimum, but not hourly temperature recordings. We found all
available GSOD observations close to the greater urban area of Guangzhou as defined
as within the latitude-longitude box (22.46, 113.05) to (23.24,114.22). Across most
episodes, only three GSOD observation locations were found within this location, two
in the southern portion of the urban region and one just north of the urban region. To
compare these point observations to modeled output, we averaged the observations
across both time and space to yield one observed mean, maximum and minimum
value per episode. We compared these averaged observations to the corresponding
modeled values developed by selecting only grid cells within which we found GSOD
observations. The comparison of modeled and observed values averaged over each
episode is analogous to how we report results in this paper: that is, we also present

result values as an average value over each episode.

a)
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Figure 2. Comparison of modeled and observed episode averages of (a) mean, (b)

daily maximum, and (c¢) daily minimum 2-meter air temperatures.

The model can explain 76%, 72%, and 67% of the variation (calculated as the
coefficient of determination) in episode average mean, average daily maximum, and
average daily minimum temperatures, respectively (see Figure 2). The mean bias for
the mean, maximum and minimum values is -0.18 °C, -0.39 °C, and 0.21 °C,
respectively. The mean error for the mean, maximum and minimum values is 0.82 °C,
-1.24 °C, and 0.80 °C, respectively. The previous statistics are taken across all
episodes. Isolating the six heat wave events, we find mean bias for the mean,
maximum and minimum values to be -0.75 °C, -1.09 °C, and -0.82 °C, respectively.
The mean error values are identical in magnitude to the mean bias values, but positive.
Compared to the mean biases across the full set of episodes, the biases for the heat
wave episodes are larger and all negative, indicating the model is not able to fully
capture the temperature increases associated with the heat waves. However, the model
can still explain much of the variation across the heat wave episodes, as the
coefficient of determination calculated across the six episodes is equal to 0.97, 0.69,
and 0.59 for the episode average mean, maximum, and minimum temperatures,

respectively.

3.2 Simulated cool roof air temperature effects during heat waves and average
summer conditions

Maps of mean 2-meter air temperatures and differences between the control and cool
scenarios for the hours 10:00 — 18:00 LST are shown in Figure 3. The left column
(Figure 3a-c) shows mean results of the normal summer episodes while the right
column (Figure 3d-f) shows mean results from the heat-wave episodes. The greater
urban area of Guangzhou is outlined in the center of each figure. A midday urban heat
island effect can be clearly seen in Figure 3a. Figure 3b indicates that the simulated
increase to roof albedo reduces the difference in average temperatures between urban
Guangzhou and the surrounding area. High region-wide temperatures with peak
temperatures centered in the urban area of Guangzhou can be seen in Figure 3d.
Figures 3¢ and 3f show the simulated mean reduction to temperature with roof-

albedo-increase under the normal episodes and heat-wave episodes, respectively.

11
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282
283  We found the cool simulations had reduced urban heat island intensity compared to
284  the control simulations. To quantify this effect we define a heat island effect for each
285  urban grid cell (536 cells) as the difference in temperature between that cell and the
286  temperature averaged over all non-urban land based cells outside the greater
287  Guangzhou urban area and located at an elevation under 200 meters (see Figure 1b for
288  a map of the regions meeting these conditions). We averaged the temperatures
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Under both the normal and heat-wave episodes, the cool simulations exhibit lower
average urban temperatures and reduce the maximum heat island effect by roughly
1.0 °C. This can be seen in Figures 4a and b, which show histograms of the heat
island effect during normal and heat-wave episodes. The larger cooling effect
simulated during heat-wave episodes can be seen in Figure 4c, which shows a
distribution of the temperature differences between the cool and control scenarios

across the urban area of Guangzhou for both normal and heat-wave episodes.

Normal episodes Heat-wave episodes

120 .
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100117 cool
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Figure 4. Panels (a) and (b) show the distribution of the heat island effect in the
greater Guangzhou urban area during normal episodes and heat-wave episodes,
respectively. Panel (c) shows the difference in temperature between the cool and
control scenarios for normal and heat-wave episodes.

Examining the diurnal cycle of the mean differences in 2-meter temperature between
the control and cool scenarios (calculated as the average temperatures across all grid
cells within the greater Guangzhou urban area) we see that temperature reductions
peak midday at 0.8 °C and 1.2 °C for the normal and heat-wave episodes, respectively
(see Figure 5). We note the simulated cool roof effect on air temperatures at night is

negligible with temperature changes averaging only -0.06 °C from 22:00 — 6:00 LST

13
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Figure 5. Diurnal cycle of mean temperature difference (+ 1 standard deviation)
between baseline and cool scenarios for (a) normal episodes and (b) heat-wave
episodes.

Local Standard Time

3.3 Sensitivity of cool roof air temperature effects to meteorological conditions

We saw in Figures 3, 4 and 5 that average temperature reductions were greater during
the heat-wave episodes. Here we investigate how the sensitivity of urban air
temperature to roof albedo might vary under different meteorological conditions.
Figure 6 shows a scatter plot of mean temperature reductions versus mean
temperature of the control scenario, averaged across the greater Guangzhou urban
area over the hours 10:00 — 18:00 LST. Following Equation 1 from section 3.2, we
have regressed the data in Figure 6 finding ap = 1.42 and @, = -0.068 and a coefficient
of determination (R?) of 0.59.

We can explain more of the variance across these episodes by including other
independent variables from the control scenario such as ventilation and humidity (see
section 3.2 for details). Based on the full set of episodes (normal and heat-wave) we
find coefficients ay, a1, and a; for Equation 2 of 1.125, -0.062 and 0.129, respectively,
and coefficients a, a1, a2, and a3 for Equation 3 of 1.084, -0.086, 0.120, and 0.046,

respectively. Here, a;, a», and a3 are associated with temperature, ventilation and
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humidity, respectively. We find that by including these three meteorological
properties we can account for greater than three fourths of the variance (R* = 0.77) in
temperature response to albedo increase. By including ventilation in addition to
temperature (compare Equation 2 to Equation 1) we are able to reduce the root-mean-
square errors (RMSE) of the heat wave episodes but not the normal episodes. By
including all three variables (Equation 3 compared to 1), we were able to reduce root-
mean-square errors across both normal and heat-wave episodes. See Table 2 for the
above results, and see Tables S3 and S4 for the results based on the ventilation into

the full boundary layer, as discussed in Section 3.2.

This solution quantifies how increased ventilation and humidity attenuate the cool
roof temperature effects. On average, compared to normal episodes, heat-wave
episodes in Guangzhou were hotter (34.1 °C vs. 31.4°C) and had much lower midday
ventilation (0.6 Gt/h vs. 0.9 Gt/h, a 33% decrease) but only slightly higher midday
humidity (18.0 g/kg vs. 17.8 g/kg, a 1.2% increase). Running these average conditions
through Equation 3, we find that cool roofs provide 0.26° C more cooling during heat
waves compared to normal conditions, of which 0.23, 0.04 and —0.01 °C of cooling is
associated with temperature, ventilation, and humidity differences, respectively. Thus,
while the inclusion of ventilation and humidity can help explain some of the variation
in cooling effects between heat-wave and normal episodes, the majority of the effect

is associated with temperature differences.
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Figure 6. Mean (10:00 — 18:00 LST) temperature vs. mean temperature difference for
normal and heat-wave episodes.

Table 2. Root-mean-square errors of AT calculated across normal, heat-wave and all

episodes.
Root-mean-square error (° C) All episode
Normal  Heat-wave All coefficient of
Linear regression episodes episodes episodes  determination (R?)
Eq. 1 0.077 0.138 0.092 0.59
Eq.2 0.078 0.122 0.088 0.60
Eq. 3 0.055 0.098 0.065 0.77

3.4 Research and policy implications

We have shown through meteorological simulations that a policy of enhancing roof
albedo in Guangzhou could reduce average midday summer temperatures by 0.8 °C.
Furthermore those temperature reductions could be larger during the hot and stagnant
conditions of heat waves in Guangzhou reaching 1.2 °C. The increased air
temperature sensitivity to urban roof albedo during heat waves is important since heat
waves can pose significant public health problems and electricity grids are typically
under the most stress during heat waves. Our results highlight the need to evaluate
cool roof meteorological effects under both average conditions as well as during heat

waves in order to fully characterize potential urban cooling benefits. We note,
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however, these results are based on a scenario assuming the upper limit of feasible
roof albedo enhancement. Given the challenge of changing the average roof albedo
across an entire city, future modeling efforts might assist policy design by describing
the minimum urban albedo change, in city area and in magnitude, required to provide
measureable local benefits. Such efforts might also support a localized experiment

that could help verify these simulations.
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