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Abstract The air conditioning (AC) electric loads and their impacts on local weather over Beijing during a
5 day heat wave event in 2010 are investigated by using the Weather Research and Forecasting (WRF)
model, in which the Noah land surface model with multiparameterization options (Noah-MP) is coupled to
the multilayer Building Effect Parameterization and Building Energy Model (BEP+BEM). Compared to the
legacy Noah scheme coupled to BEP+BEM, this modeling system shows a better performance, decreasing
the root-mean-square error of 2 m air temperature to 1.9°C for urban stations. The simulated AC electric
loads in suburban and rural districts are significantly improved by introducing the urban class-dependent
building cooled fraction. Analysis reveals that the observed AC electric loads in each district are
characterized by a common double peak at 3 p.m. and at 9 p.m. local standard time, and the incorporation
of more realistic AC working schedules helps reproduce the evening peak. Waste heat from AC systems
has a smaller effect (~1°C) on the afternoon 2 m air temperature than the evening one (1.5~2.4°C) if AC
systems work for 24 h and vent sensible waste heat into air. Influences of AC systems can only reach up to
~400 m above the ground for the evening air temperature and humidity due to a shallower urban
boundary layer than daytime. Spatially varying maps of AC working schedules and the ratio of sensible to
latent waste heat release are critical for correctly simulating the cooling electric loads and capturing the
thermal stratification of urban boundary layer.

1. Introduction

According to the Intergovernmental Panel on Climate Change (IPCC, 2013), global surface air temperatures
increased by approximately 0.85°C from 1880 to 2012. In cities, rising temperatures are partially attributed
to local warming such as urban heat islands (Oke, 1982) and have likely accelerated due to rapidly expand-
ing built up areas. In this global warming context, greater use of air conditioning (AC) systems for space
cooling is projected to occur more frequently and intensely (Tebaldi et al., 2006), especially during sum-
mertime extreme heat days, which will result in more anthropogenic heat emission in cities. In semiarid
urban environments, peak cooling energy consumption due to AC systems could even reach up to 65%
of the total electricity use during an extreme heat event (Salamanca et al., 2013), posing a daunting chal-
lenge to the electrical load management. Increased waste heat release from AC systems, in turn, leads to
higher ambient air temperature and worse thermal stress in cities, endangering the health and welfare of
urban residents (Tan et al., 2010). Therefore, it is necessary to understand the temporal and spatial varia-
bility of AC electric loads, especially for rapidly expanding cities with excessive cooling requirements, and
to assess the associated anthropogenic heating contributions to urban weather when developing mitiga-
tion and adaptation strategies.

Many studies have demonstrated the significant role of anthropogenic heating due to AC systems on urban
microclimate by using a two-way coupling between a building energy model and an atmospheric model to
consider their dynamic interactions. For instance, eliminating waste heat from AC systems could reduce daily
mean air temperature by 1.3°C for a district of Tokyo (Kikegawa et al., 2003). Another study suggested a
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temperature rise of 1~2°C or more on summer weekdays in the Tokyo office areas due to the waste heat
from buildings, thus resulting in a strengthened heat island, while the influence was negligible during holi-
days (Ohashi et al., 2007). Furthermore, nighttime 2 m air temperature was affected more by anthropogenic
heating due to AC systems than daytime temperature, although more waste heat release occurred in the
daytime as a result of greater use of AC systems, exacerbating the nocturnal heat island (Salamanca et al.,
2014, 2015).

However, few studies have focused on verifying the modeled AC electricity consumption against observa-
tion, mostly due to lack of building energy use measurements. One example is the study of Salamanca
et al. (2013), but they only examined the modeled average diurnal cycle (temporal profile) of AC electricity
use over the whole Phoenix metropolitan area in the United States. Yet spatial variations at peak hours are
also very important for the power grid management especially in megacities such as Beijing (with approxi-
mately 20 million people), where the corresponding verification has been largely overlooked so far.

The Beijing metro area (39°260N–41°040N, 115°250E–117°300E) is located in the northern tip of North China
Plain and has a monsoon-influenced humid continental climate, which is characterized by hot and rainy sum-
mers (e.g., the highest 2 m air temperature over Beijing is greater than 40°C for the heat wave event case to
be examined in this study) with great cooling demands. In the summer of 2011, the highest daily energy load
in Beijing was approximately 19,100 MW, with more than 40% constituting the AC load (Li et al., 2014). The
primary objective of this study is to assess the ability of theWeather Research and Forecastingmodel coupled
with urban canopy models (WRF-Urban) to simulate the AC electric loads both spatially and temporally for
Beijing during a heat wave episode and further to explore the impacts of waste heat release on local urban
weather. One unique aspect of this study is a comprehensive and detailed district-level electricity data set in
Beijing we obtained, which allows an analysis of AC energy consumption in such details that has never been
done before. Moreover, the simulations are conducted by the newWRF-Urban modeling system (version 3.9)
with the Noah land surface model with multiparameterization options (Noah-MP) coupled to the multilayer
building energy model (Salamanca et al., 2017) and by incorporating a detailed specification of building
cooled fraction.

The rest of this paper is organized as follows. Methods and data are described in section 2, including
WRF-Urban model configuration, numerical experiments, and the estimation of observed AC electric loads.
Sections 3.1 and 3.2 focus on the verification of model performance, using observedmeteorological variables
and AC loads, and the spatial variability of peak AC electric loads is analyzed as well as the impacts on urban
weather in section 3.3. Finally, conclusions and discussion are provided in section 4.

2. Methodology

The WRF-Urban (version 3.9) model is used here to simulate AC electric loads for Beijing during a heat wave
event (2–6 July 2010), when the maximum 2 m air temperature over the urban area was higher than 37°C on
each day (see section 3.1). On the fourth day, the maximum air temperature was even greater than 40°C in
urban Beijing. During this period, Beijing was mainly influenced by a high-level ridge except on the third
day (with a weak upper trough passing by), when a small amount of precipitation was observed in
some locations.

2.1. Model Configuration

As a new feature in WRF version 3.9 compared to its precedent (Chen et al., 2011), the Noah-MP scheme
(Barlage et al., 2015; Niu et al., 2011) is coupled to the multilayer Building Effect Parameterization (BEP;
Martilli et al., 2002) and Building Energy Model (BEM; Salamanca et al., 2010) (Salamanca et al., 2017). This
multilayer building energy scheme (BEP+BEM) estimates the time-varying indoor air temperature and humid-
ity separately for each building floor and takes into account the energy exchanges between buildings and
outdoor atmosphere due to AC systems.

The WRF modeling domain is centered at (39.92°N, 116.39°E), composed of three two-way nested domains
with a grid spacing of 9 km (299 × 285 grid cells), 3 km (310 × 310 grid cells), and 1 km (178 × 181 grid cells),
respectively (Figure 1a). The vertical coordinate contains 38 sigma levels, with 13 levels within the lowest
1 km to better resolve urban boundary layer processes. The physical parameterization schemes used in
WRF simulations are as follows: (1) Mellor-Yamada-Janjic (MYJ) turbulent kinetic energy (TKE) scheme
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(Janjić, 1994); (2) Rapid Radiative Transfer Model for General Circulation Models shortwave and longwave
radiation scheme (Iacono et al., 2008); (3) WRF double-moment six-class (WDM6) microphysics scheme
(Lim & Hong, 2010); (4) Kain-Fritsch cumulus scheme (Kain, 2004) only for d01, and (5) the Noah land
surface model (Chen et al., 1996; Chen & Dudhia, 2001) and the new Noah-MP model (Niu et al., 2011) with
default options coupled to BEP+BEM. The initial and boundary conditions are obtained from the National
Centers for Environmental Prediction Global Forecast System final gridded analysis data sets with a spatial
resolution of 1° × 1° and a temporal resolution of 6 h. All simulations are conducted from 1200 UTC 1 July
to 1800 UTC 6 July 2010, with a 4 h spin-up for those extreme heat days.

According to the 250 m Moderate-resolution Imaging Spectrometer (MODIS) remote sensing data set on 24
June 2009, three different urban classes are categorized by the impervious surface percentage: low-density
residential 30%–70% (category 31), high-density residential 70%–90% (category 32), and commercial/
industrial >90% (category 33), as shown in Figure 1b. Other urban canopy parameters are specified as func-
tion of three major urban classes. A new building height categorization (see Table S1 in the supporting
information) is employed (Li et al., 2017), which provides a better description of the vertical urban morphol-
ogy in Beijing. The urban thermal conductivity (1.5 Wm�1 K�1) and heat capacity (1.75 × 106 J m�3 K�1) from
the Institute of Urban Meteorology operational model are used, and the two-dimensional urban fraction
(higher than 30%) map is employed instead of WRF table-based default values. Other building parameters
are set following a previous study of building energy modeling for Beijing (Zheng et al., 2015), for example,
albedo of 0.17 and 0.16 respectively for residential and commercial, emissivity of 0.95 and 0.97 respectively
for buildings and roads, glazing ratio of 0.3, and thermal efficiency of heat exchanger of 0.6. For the ACmodel,
the coefficient of performance (a measure of cooling efficiency for air conditioners) is fixed to 4.5 (Salamanca
et al., 2013, 2014) and the target indoor air temperature to 25°C for residential and 24°C for commercial. The
peak number of occupants depends on urban land use types (0.04 person m�2 for residential and 0.12
person m�2 for commercial) (Jiang, 2006) as well as the peak sensible heat generated by equipment (20.0,
25.0 and 44.3 W m�2, respectively, for low- and high-density residential and commercial) (Jiang, 2006;
Salamanca et al., 2010).

Table 1 documents various WRF numerical experiments conducted in this study. The MP-BEP-BEM run is a
simulation with the abovementioned model configuration. For comparison, a simulation (NOAH-BEP-BEM)
is also completed using the legacy Noah land surface model (Chen & Dudhia, 2001) instead of Noah-MP.
To compare simulated surface heat fluxes to those measured at the Institute of Atmospheric Physics (IAP) flux
tower, which is located in dense vegetation neighborhood, the MP-IAPmod run is conducted with a modified
urban fraction of 0.783 (an actual value for the footprint of the IAP flux measurements at 140 m indicated by

Figure 1. (a) The three two-way nested domains for the Weather Research and Forecasting simulations. (b) The land use/land cover map for the third domain. Black
dots show the locations of the 115 automated weather station sites with urban land classes, and red dots show the locations of the 95 nonurban automated
weather station sites. White star shows the location of the Institute of Atmospheric Physics flux tower.
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Miao et al., 2012) at the closest model grid to that tower (where the MODIS-derived urban fraction is around
0.95), and with the urban irrigation scheme on.

The present-day BEP+BEM scheme assumes that all spaces inside the buildings undergo air conditioning, but
some indoor spaces are not cooled and some buildings are even not equipped with AC systems. To represent
this factor, the cooled fraction as a function of urban classes is thus introduced (the MP-COOLED-FRC run). For
the urban type 32, the cooled fraction is set to 64%, close to previous studies, for example, 60% for Tokyo and
Madrid (Izquierdo et al., 2011; Kikegawa et al., 2003; Ohashi et al., 2007) and 65% for Phoenix (Salamanca
et al., 2013). For type 31 (type 33), 50% (95%) of buildings are assumed to have AC systems and 50% (95%)
of the total floor area needs to be cooled, resulting in 25% (90.25%) as the cooled fraction, a similar method
used in Takane et al. (2017) for Osaka, where the introduced cooling factor (~58.8%) is the ratio of in-use
buildings to all the buildings (82.8%) multiplied by the ratio of air-conditioned floor area to total floor area
(71%). These values used in this study are based on limited literatures and somewhat arbitrary, and their
refinements need certainly further investigation.

To better capture the observed diurnal profile of AC loads, we introduce different working schedules of AC
systems in MP-AC-SCHEDULE for commercial (only working for the daytime, 0800–1800 local standard time
(LST)) and residential (only working for the nighttime, 0000–0800 LST and 1800–2400 LST) grids. In all the
above experiments, the waste heat emission from AC systems is assumed to be vented as sensible heat (little
latent waste heat emission due to dehumidification is considered in current WRF), which may be reasonable
for cities with a small portion of commercial built up grids such as Phoenix (only 1%), because AC systems
that vent significant latent heat into the outside air are normally installed in large office buildings in commer-
cial areas (Salamanca et al., 2014). Nevertheless, such commercial grids approximately account for 30% of
the whole urban domain over Beijing according to the 1 km gridded urban land use classification in
Figure 1b. To explore the impacts of anthropogenic heating due to different AC systems on urban weather,
two additional simulations are conducted considering a different ratio of sensible to latent waste heat
release. In MP-ALH95%, the ratio of latent heat to total waste heat emission is 95%, a common value for eva-
porative air conditioners (de Munck et al., 2013). The MP-NoACout simulation is served as a reference run
where the waste heat is not released outside into the atmosphere, although AC systems are still working
to maintain a comfortable indoor thermal environment, a method also utilized in Salamanca et al. (2013).
In the following analysis, only the results of the inner 1 km domain (d03 in Figure 1a) are used.

2.2. Data

To evaluate the performance of the WRF-Urban modeling system, near-surface measurements from 210
automated weather station (AWS) sites (dots in Figure 1b) in Beijing are employed, including hourly 2 m
air temperature, humidity, and 10 m wind speed. The dominant land use category for AWS sites (urban or
nonurban) is determined by usingMODIS-based input data as in Barlage et al. (2016). Additionally, half-hourly
downward shortwave radiation fluxes and sensible/latent heat fluxes observed at 140 m of the IAP 325 m flux
tower in the urbanized area of Beijing (white star in Figure 1b) are compared to the WRF-simulated output at
the nearest model grid. Note that this meteorological tower is located on the dense grass surrounded by
buildings, which cannot be resolved even by the inner 1 km domain. Ignoring this type of fine-scale

Table 1
Design of WRF-Urban Numerical Experiments

Numerical
experiments Model setup

MP-BEP-BEM WRF using Noah-MP coupled to BEP+BEM with AC systems working for 24 h and venting sensible waste heat into air
NOAH-BEP-BEM Same as MP-BEP-BEM, but with Noah coupled to BEP+BEM
MP-IAPmod Same as MP-BEP-BEM, but with a modified urban fraction (land use index) of 0.783 (category 32) at the closest model grid to the IAP tower

and urban irrigation
MP-COOLED-FRC Same as MP-BEP-BEM, but considering cooled fraction for three urban classes
MP-AC-SCHEDULE Same as MP-COOLED-FRC, but with spatially varying AC working schedules for commercial (0800–1800 LST) and residential (0000–0800

and 1800–2400 LST)
MP-ALH95% Same as MP-COOLED-FRC, but with AC systems venting 95% of latent waste heat and 5% of sensible waste heat into air
MP-NoACout Same as MP-COOLED-FRC, but with no waste heat directly released into air
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heterogeneity would likely result in errors in simulated sensible/latent heat fluxes in MP-BEP-BEM (see more
discussion in section 3.1).

WRF-modeled AC electric loads are validated against observations for 15 districts in Beijing (Figure 2a), which
are derived from the observed total electric loads available at quarter-hourly frequency throughout the
whole year of 2010. Similar to Salamanca et al. (2013), the observed total loads are divided into two parts:
one associated with seasonal-varying AC consumption and a baseline electric load linked to season-
independent human activities, including electric cooking, lightning, and electric appliances. Therefore, the
weather-sensitive AC electric loads can be obtained by subtracting the baseline electric load components
from the total loads. To estimate this season-independent baseline component, a reasonable assumption
is that neither heating nor cooling systems will be used in baseline months due to moderate air temperatures
(Salamanca et al., 2013). The 2 months with lowest electric loads are considered as baseline months, May
(here very close to April, which was selected as a baseline month by Li et al., 2014) and October in this study
(March and November were used for Phoenix (Salamanca et al., 2013), which is warmer than Beijing), as
shown in Figure 2b. The monthly means are calculated by averaging the quarter-hourly records of total elec-
tric loads for each district and for each month after removing national holidays, during which the electric
energy consumption decreased significantly owing to a massive outflow of population (Li et al., 2014).
Peaks in July at both urban and rural districts (roughly distinguished by the sixth ring road in Figure 2a) indi-
cate the widespread use of AC systems for cooling.

Two methods were proposed by Salamanca et al. (2013) to determine the diurnal cycle of electric loads
related to human behavior from two baseline months. The first method is to average between the day with
the minimum total load and the day with the minimum load range (difference between the daily maximum
and minimum loads) for each baseline month (see equation (1)). The second method is to combine the mini-
mum total load at each time step across the entire month to form a 24 h time series (see equation (2)). Both
methods are applied here for each baseline month, resulting in four different diurnal cycles, and only the
average of them is used in the following analysis. After deducting the mean baseline human behavior electric
loads from the total, the observed AC electric loads are obtained over each district for this heat wave event
(black dots in Figure 5).

HBCi ¼ EC1i þ EC2i
2

; for all i ¼ 1; 2;…; 96 (1)

where HBCi represents the quarter-hourly human behavior consumption at time i, and EC1i and EC2i are the
quarter-hourly electric load of the two selected days at the same time.

HBCi ¼ min
j

ECij
� �

; for all i ¼ 1; 2;…; 96; j ¼ 1; 2;…; 31 (2)

where ECij means the observed quarter-hourly electric load at time i for day j.

Figure 2. (a) The locations of 15 administrative districts in Beijing. Red lines from the inside out respectively denote the
second to sixth ring roads in urban Beijing. (b) Observedmonthly mean electric loads (unit: 10 MW) for each district in 2010.
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3. Results
3.1. Evaluation of Surface Meteorology

WRF-simulated near-surface meteorological elements from those model grids closest to AWS are averaged
over urban and nonurban land use types for evaluation. As shown in Figures 3a and 3b, the general charac-
teristics of 2 m air temperature at both urban and rural sites are reasonably captured by the new coupled
scheme (MP-BEP-BEM) except on the third day, when a small amount of precipitation was observed at a
few sites (influenced by a weak upper trough). Compared with the old coupled scheme (NOAH-BEP-BEM),
Noah-MP (MP-BEP-BEM) performs better for 2 m air temperature at both urban and rural sites from late after-
noon to the next early morning. For urban stations, the root-mean-square error of 2 m air temperature is

Figure 3. Time series of observed and modeled 2 m air temperature (a and b, unit: °C), specific humidity (c and d, unit: g kg�1), and 10 m wind speed (e and f, unit:
m s�1) for urban (a, c, and e) and rural sites (b, d, and f), respectively.
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decreased from 2.8°C in NOAH-BEP-BEM to 1.9°C in MP-BEP-BEM, if excluding the third day when clouds
are poorly simulated. This reduction in warm bias may be associated with a better simulation of air
humidity (Figures 3c and 3d) in spite of initial drier air than observed. Stronger nighttime warm bias
occurs at rural stations and the root-mean-square error in MP-BEP-BEM is 2.7°C. Similarly, sensitivity tests
in Barlage et al. (2016) also suggested that the TKE scheme (i.e., MYJ scheme) performs better in urban
stations, while for rural stations, the MYJ scheme performs worse than the non-TKE ones. Modeled 10 m
wind speed is overestimated in both urban and rural areas (Figures 3e and 3f), a common problem in
WRF simulations (Barlage et al., 2016; Grossman-Clarke et al., 2010), and the use of the Noah-MP model
makes negligible differences.

For the downward shortwave radiation modeled by MP-BEP-BEM (Figure 4a), significant errors also occur on
the third day, corresponding to the highest warm bias period, which is related to the inability of WRF model
to capture boundary layer clouds and shallow convection leading to a too-high downward shortwave radia-
tion reaching the surface. Sensible (latent) heat flux is significantly overestimated (underestimated) by MP-
BEP-BEM (red lines in Figures 4b and 4c), an outstanding issue in urban areas (Grimmond et al., 2010; Miao
& Chen, 2014). It should be noted that observed daytime latent heat flux here is comparable to or even higher
than sensible heat flux and an average Bowen ratio of around 1.0 in summer was observed when conducting
a year-round analysis of clear-day flux measurements for this tower (Miao et al., 2012). The oasis effect of
underlying grass—referring to a significant increase of evapotranspiration rates from dispersed vegetation
in urban areas (Hagishima et al., 2007)—may partly explain this. The small patch of grass and its associated
oasis and irrigation effects cannot be resolved by the inner 1 km domain, and thus, an additional sensitivity
experiment is conducted to test the influence of urban vegetation (assumed to be category 5 in this study), in
which the urban fraction at the model grid closest to this tower is reduced from 0.95 (MODIS-derived) to

Figure 4. Time series of observed (at 140 m) and modeled (a) downward shortwave radiation (unit: W m�2), (b) sensible heat (unit: W m�2), and (c) latent heat (unit:
W m�2) flux for the Institute of Atmospheric Physics tower.
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0.783 (MP-IAPmod) and the urban irrigation scheme is on. As shown in Figures 4b and 4c, although the oasis
effect is not included in present BEP+BEM scheme, considering the irrigation of urban vegetation affects the
simulation of sensible/latent heat flux significantly, as indicated by many previous studies (Grimmond et al.,
2010; Lee & Park, 2008; Loughner et al., 2012; Yang et al., 2015).

Overall, the newly coupled scheme in WRF-Urban (MP-BEP-BEM) is able to reasonably reproduce the general
characteristics of near-surface weather conditions, especially the ambient air temperature, to which AC elec-
tric loads are relatively sensitive (Ihara et al., 2008). For urban stations, the root-mean-square error of 2 m air
temperature is decreased from 2.8°C in NOAH-BEP-BEM to 1.9°C in MP-BEP-BEM, providing confidence for the
following evaluation of AC electric loads simulated by the new WRF-Urban model with Noah-MP coupled
to BEP+BEM.

3.2. Evaluation of AC Electric Loads

Observed AC electric loads (black dots in Figure 5), estimated in section 2.2, show significant spatial and tem-
poral variations. Spatially, urban districts (i.e., Chengqu, Haidian, Chaoyang, Fengtai, and Shijingshan, roughly
encircled by the sixth ring road in Figure 2a) consume more electric energy for cooling than suburban and

Figure 5. Time series of observed and modeled (MP-BEP-BEM and MP-COOLED-FRC) air-conditioning electric loads (unit: 10 MW) for 15 districts in Beijing.
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rural districts (i.e., Shunyi, Changping, Daxing, Tongzhou, Fangshan, Huairou, Mentougou, Miyun, Pinggu, and
Yanqing). Due to a smaller district area, the observed AC electric load in Shijingshan is lower than some sub-
urban districts (e.g., Shunyi, Changping, Daxing, and Tongzhou). Nevertheless, the reason for a high electric
energy consumption in Chengqu with a similar district area to Shijingshan is not clear for now and requires
further investigation. Temporally, a double-peak structure appears in the diurnal cycle of AC electric loads for
every district, one in the afternoon (around 3 p.m. local time, approximately corresponding to the daily max-
imum air temperatures) and the other in the evening (around 9 p.m. local time, corresponding to residential
high-demand periods).

To validate against observations, gridded AC electric loads generated by WRF-Urban (W m�2) are multiplied
by the surface area of the grid cell (106 m2) and then aggregated over urban grids for each district. As indi-
cated by red lines in Figure 5, the MP-BEP-BEM run generates comparable AC electric loads to observation in
most urban districts (i.e., Haidian, Chaoyang, Fengtai, and Shijingshan). However, it generally overestimates
AC cooling loads for suburban and rural districts, where the actual air-conditioned area is less than total as
assumed in the MP-BEP-BEM run. Considering the cooled fraction in MP-COOLED-FRC (see section 2.1) results
in significant improvements in simulated AC electric loads for most nonurban districts (orange lines in
Figure 5). However, this does not mitigate the overestimation for Fangshan andMentougou, which is possibly
associated with the urban land use classification used in this study and higher resolution remote sensing data
set may help to improve. Different from a city-level ratio in previous studies, for example, 60% for Tokyo and
Madrid (Izquierdo et al., 2011; Kikegawa et al., 2003; Ohashi et al., 2007) and 65% for Phoenix (Salamanca
et al., 2013), the introduced cooled fraction in this study is urban class dependent, 25%, 64% ,and 90.25%
respectively for the urban type 31, 32, and 33. The influence on 2 m air temperature is negligible as the
improvement of AC electric loads by MP-COOLED-FRC is around 2–3 W m�2 (not shown).

Additionally, as a major model deficiency across all districts, the double-peak structures in the observed diur-
nal profiles of AC loads are completely missed by the MP-COOLED-FRC experiment showing only the daytime
peaks in the afternoon. Several factors pertinent to diurnal variations, for example, occupation ratio, equip-
ment heat gain, and working schedules of AC systems, can contribute to the lack of the evening peak if
not reasonably represented in the model. The diurnal profiles of occupation ratio and equipment heat gain
for commercial buildings are different from those for residential buildings. However, a constant occupation
ratio of 1.0 is employed in the current WRF-Urban model for both commercial and residential grids, so the
same diurnal profiles of equipment heat gain are used in the model despite different urban grid characteris-
tics. To test their respective roles in simulating the diurnal profile of AC electric loads, two more experiments
are conducted based on MP-COOLED-FRC: (1) MP-AC-SHOCC, where different diurnal profiles of occupation
ratio for commercial/residential are introduced, and (2) MP-AC-SHEQUIP, where a new diurnal cycle of equip-
ment heat gain for residential is embedded. However, results show that these new simulations only make
marginal differences (see supporting information) and still miss the evening peak of AC consumption.

Therefore, we introduce different working schedules in the MP-AC-SCHEDULE simulation with commercial AC
systems working during the daytime and residential AC systems working during the nighttime. As a result,
the evening AC load peaks are reproduced to some extent, as indicated by the purple lines in Figure 6 (taking
Chaoyang and Huairou as two examples here), especially in those districts with considerable residential area.
Generally, a sharp increase in cooling energy consumption occurs in the initial operation stage of AC systems,
when the biggest gap between actual and target indoor air temperature occurs. Therefore, switching off
commercial AC systems and turning on residential AC systems at 1800 LST in MP-AC-SCHEDULE help produce
the relatively low electric energy consumption around 1800 LST between the two peaks (at 3 p.m. and 9 p.m.
LST). For some urban districts (where commercial grids are dominant, e.g., Chaoyang), AC electric loads are
higher in the morning than in the MP-COOLED-FRC simulation, which is associated with greater indoor ther-
mal loads during the initial working phase of a large amount of commercial AC systems in MP-AC-SCHEDULE.
For the nonurban districts, turning off the residential AC system in the morning produced visible gaps of AC
electric loads around 0800 LST in MP-AC-SCHEDULE.

On the other hand, considerable commercial AC systems may keep working after 1800 LST in urban districts,
and some residential AC systems may also work during the daytime. Realistic working schedules of AC sys-
tems are spatially varying and more complicated than the idealized ones used in MP-AC-SCHEDULE. If
neglected, electric energy consumption for cooling would be underestimated significantly, especially for
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the nighttime commercial-dominant districts (e.g., Chaoyang) and the daytime residential-dominant districts,
as shown in MP-AC-SCHEDULE (Figure 6).

In summary, the WRF-Urban modeling system reasonably captures the main characteristics of the district-
level AC electric loads for Beijing by considering the cooled fraction, and the incorporation of differential
working schedules of commercial/residential AC systems is critical to improve the simulation of the
diurnal cycle.

Figure 6. Time series of observed and modeled (MP-COOLED-FRC and MP-AC-SCHEDULE) air-conditioning electric loads (unit: 10 MW) for (a) Chaoyang, and
(b) Huairou.

Figure 7. The average air-conditioning electric loads (unit: W m�2) at 3 p.m. (a and c) and 9 p.m. (b and d) LST for MP-COOLED-FRC (a and b) and MP-AC-SCHEDULE
(c and d). The black solid lines denote the sixth ring road in Beijing.
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3.3. Spatial Trends and Impacts on Urban Weather

In this section, an analysis is conducted for detailed two-dimensional variations of modeled AC electric loads
without aggregation. For brevity, only the results for two peaks at 3 p.m. and 9 p.m. LST averaged over
this heat wave event (excluding the third day) are shown here. For MP-COOLED-FRC, high electric energy
demand for cooling (~65 W m�2 and 45 W m�2 at 3 and 9 p.m. LST, respectively) is concentrated in urban
districts within the sixth ring road, with a very similar pattern to that of the urban land use classification in
Figure 1b at both peaks (Figures 7a and 7b). For MP-AC-SCHEDULE, AC electric loads are nearly zero in urban
districts at the evening peak (Figure 7d), indicating the shutdown of commercial-dominant grids there. While

Figure 8. The average difference in 2 m air temperature (unit: °C) at 3 p.m. (a, c, and e) and 9 p.m. (b, d, and f) LST, (a and b) MP-COOLED-FRC minus MP-NoACout,
(c and d) MP-AC-SCHEDULE minus MP-NoACout, and (e and f) MP-ALH95% minus MP-NoACout. The black solid lines denote the sixth ring road in Beijing.
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at the afternoon peak, the cooling electricity demand in urban Beijing in MP-AC-SCHEDULE is approximately
20 Wm�2 higher than that in MP-COOLED-FRC (Figure 7c), manifesting a noticeable influence of surrounding
residential AC systems. For the MP-ALH95% simulation, the overall spatial characteristics of modeled AC
electric loads are very similar to MP-COOLED-FRC, but with cooling electricity demand decreasing slightly
in urban districts at both peaks (not shown). This decrease in cooling energy demand is mainly due to the
lower ambient air temperature as latent waste heat emission from AC systems is dominant in MP-ALH95%
(see below).

Further, the impacts of anthropogenic heating due to AC systems on urban weather are investigated with the
following four experiments: MP-COOLED-FRC, MP-AC-SCHEDULE, MP-ALH95% and MP-NoACout (regarded
as the reference run here). Note that, anthropogenic heating due to AC cooling mainly comes from internal
heat in buildings, and only around 20% (for coefficient of performance = 4.5) of the total waste heat release is
contributed by AC systems themselves. In the MP-COOLED-FRC simulation, the afternoon 2 m air tempera-
ture difference from the reference run is around 1°C in urban districts roughly encircled by the sixth ring road
(Figure 8a), less than the significant warming of 1.5–2.4°C in the evening (Figure 8b). This simulation produces
a higher contribution of AC systems to air temperature than Salamanca et al. (2014) where an increase of
1–1.5°C in the mean nighttime 2 m air temperature was generated for some urban locations. This could be
mostly attributed to taller buildings in Beijing, where the mean building heights are 16.4 m, 12.6 m and
8.7 m, respectively, for three urban land use categories (Li et al., 2017), while for Phoenix, the average building
heights were around 10.7 m, 6.0 m, and 5.5 m (estimated from Table 1 in Salamanca et al. (2014)). The evening
warming generated by MP-AC-SCHEDULE is comparable to its afternoon counterpart (Figures 8c and 8d), but
much smaller than MP-COOLED-FRC in the urban center, where commercial grids are dominant and the vast
majority of AC systems are switched off after 1800 LST. As for the MP-ALH95% simulation (Figures 8e and 8f),
the evening air temperature increase in urban districts is lower than 0.9°C, showing a significant temperature

Figure 9. The average 2 m air temperature along 116.30°E at (a) 3 p.m. and (b) 9 p.m. LST, and the observed (black markers) and simulated diurnal cycles of 2 m
air temperature (unit: °C) for two selected model grid points, (c) Point-A (urban grid, 39.89°N/116.30°E), and (d) Point-B (rural grid, 40.37°N/116.30°E). Here
observation comes from two automated weather station sites nearest to the two selected grid points.
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reduction effect of evaporative air conditioners (relative to dry air conditioners rejecting almost all sensible
waste heat). Similar conclusions can be reached from the cross sections of 2 m air temperature along
116.30°E (Figures 9a and 9b), indicating a more strengthened evening urban heat island caused by
anthropogenic heating due to AC systems, consistent with Salamanca et al. (2014) and Salamanca et al.
(2015). Figures 9c and 9d show different warming signals for the nighttime 2 m air temperature at two
selected urban and rural model grids, demonstrating again that the nighttime 2 m air temperature in the
urban area is more significantly affected by sensible waste heat release from AC systems.

Additionally, the thermal stratification of the urban boundary layer (Point-A) is modified by waste heat vented
from AC systems (Figure 10). Compared to the reference run, MP-COOLED-FRC shows a relatively uniform
warming signal (~1°C) throughout a deep layer (from surface to ~1.6 km, Figure 10a). While in the evening
(9 p.m. LST), the warming signal (~2.5°C near the ground surface) generated by MP-COOLED-FRC is confined
in a shallow layer (from surface to around 400 m, Figure 10b). If equipped with evaporative air conditioners as
in MP-ALH95%, the daytime mixing-ratio difference between MP-ALH95% and MP-COOLED-FRC is less than
1 g kg�1 (Figure 10c), while the nighttime near-surface air is much wetter (Figure 10d), which has a compar-
able temperature reduction effect to the MP-NoACout experiment. The effect of AC systems on local weather
is more significant during the nighttime due to the limited depth of urban boundary layer (de Munck et al.,
2013; Salamanca et al., 2012), while at the daytime, warming or moistening signals from AC anthropogenic
heating is evenly distributed throughout a deeper boundary layer as a result of enhanced vertical mixing.
The MP-ALH95% simulation is an extreme case because evaporative air conditioners are normally installed
in large office buildings in commercial areas (Salamanca et al., 2014), indicating a smaller modification to
the urban boundary layer structure in a real-world scenario. More research is needed to quantify the ratio
of sensible to latent waste heat emission at a city-wide scale as well as its impact on urban weather.

4. Conclusions and Discussion

In this study, the newly developed WRF-Urban modeling system v3.9 is used to explore the characteristics of
AC electric loads over Beijing during a 5 day heat wave event in 2010, in which the Noah-MP land surface
model is coupled to a sophisticated urban modeling system (BEP+BEM). The evaluation of modeled near-
surface meteorological elements (i.e., 2 m air temperature and humidity, and 10 m wind speed) against
210 AWS data shows a reasonable model performance at both urban and rural sites except on the third
day. Compared to the legacy Noah land surface model coupled to BEP+BEM, the newly coupled scheme
performs better from late afternoon to the next early morning especially at urban locations and reduces
the root-mean-square error of 2 m air temperature from 2.8°C in NOAH-BEP-BEM to 1.9°C in MP-BEP-BEM
for urban stations. The initial dry bias is noticeably reduced by the Noah-MP+BEP+BEM scheme as well.

Figure 10. The averageWeather Research and Forecasting-simulated vertical profiles of the (a and b) potential temperature (unit: °C) and (c and d) mixing ratio (unit:
g kg�1) at the urban grid Point-A.
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Moreover, the sensible (latent) heat flux is largely overestimated (underestimated) when evaluated against
observations from a meteorological tower in urban Beijing, a common problem in current urban modeling
(Grimmond et al., 2010, 2011). It should be noted that observed latent heat flux in Beijing is comparable to
or even higher than sensible heat flux, which is not typical in urban areas but consistent with results from
Miao et al. (2012) and requires more detailed analysis and interpretation of the tower flux observation
in future.

The unique aspect of this investigation is to examine the ability of the WRF-Urban modeling system to simu-
late the district-level AC electric loads in Beijing, and also to investigate the impacts of several parameters
pertinent to urban modeling in complex cities. For instance, introducing the urban class-dependent building
cooled fraction significantly improves the simulation of AC electric loads in suburban and rural districts when
evaluated against the actual electricity data set. However, this improvement has a negligible influence on the
2 m air temperature simulation. The WRF-Urban simulated AC cooling loads heavily rely on detailed urban
building engineering characteristics (e.g., cooled fraction), and accurately describing the related urban
modeling parameters is critical in the community efforts such as the World Urban Database and Access
Portal Tools (Ching et al., 2016). The spatial analysis of WRF-simulated AC electric loads shows that high
electric-energy consumption due to AC cooling is concentrated in urban districts, similar to the urban land
use classification patterns. The use of only three urban classes in the current WRF-Urban model has limitation
to capture the spatial distributions of urban morphology, and a more comprehensive classification such as
the “local climate zones” (Stewart & Oke, 2012; Stewart et al., 2014) may help improve.

Importantly, it is necessary to take into account a more realistic AC working schedule for capturing the
observed double-peak features of AC electric loads for both urban and rural districts, which is generally
ignored in previous studies (e.g., Salamanca et al., 2013). For urban districts, the afternoon peak of AC electric
load is higher than its evening counterpart; for rural districts, the magnitudes of the two peaks are similar.
Considering different working schedules of AC systems between commercial and residential grids in the
model help better simulate the double-peak diurnal cycle. But it does not necessarily improve the simulation
of 2 m air temperature, because the AC working schedules used here may not faithfully reflect the real-world
scenarios, for example, not all AC units would uniformly turn off after 1800 LST over commercial grids in
urban Beijing. Given the impact of such uncertainty on near-surface temperature, acquiring more realistic
and spatially varying AC working schedules is the area that needs to be improved in the WRF-Urban
modeling system.

The impact of anthropogenic heating from AC systems on local weather cannot be overlooked. Ignoring the
contribution of waste heat release to the outdoor atmosphere would result in a cold bias (1.5–2.4°C) in the
evening 2 m air temperature in urban districts. The influences of AC systems can only reach up to ~400 m
above the ground for the evening air temperature and humidity. During the daytime, the waste heat from
AC systems has a smaller effect on 2 m air temperature (~1°C) due to the deeper urban boundary layer
(~1.6 km) than nighttime. A spatially varying map for the ratio of sensible to latent waste heat within a city
is critical for correctly capturing the thermal stratification of the urban boundary layer, where more future
efforts are expected.
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