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ABSTRACT

A direct comparison of urban and rural surface energy balances, as well as a variety of other variables including incoming
shortwave/longwave radiation and aerosol optical depth, is conducted for the Beijing metropolitan area. The results indicate
that, overall, the urban area receives a smaller amount of incoming shortwave radiation but a larger amount of incoming
longwave radiation. However, comparisons in the aerosol optical depth and cloud fraction at the two locations suggest that
neither aerosol optical depth nor cloud fraction alone can explain the difference in the incoming shortwave radiation. The
urban—rural differences in the incoming longwave radiation are unlikely to be caused by the presence of more abundant
greenhouse gases over the urban area, as suggested by some previous studies, given that water vapor is the most dominant
greenhouse gas and precipitable water is found to be less in urban areas. The higher incoming longwave radiation observed
over the urban area is mostly likely due to the higher temperatures of the ambient air. The urban area is also found to
always produce higher sensible heat fluxes and lower latent heat fluxes in the growing season. Furthermore, the urban area is
associated with a larger amount of available energy (the sum of sensible and latent heat fluxes) than the rural area, except in
May and October when evapotranspiration in the rural area significantly exceeds that in the urban area. This study provides
observational evidence of urban—rural contrasts in relevant energy-balance components that plausibly arise from urban—rural
differences in atmospheric and land-surface conditions.
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1. Introduction

The past few decades have seen increasing interest in
urban meteorology and hydrology (Arnfield, 2003; Britter
and Hanna, 2003; Shephard, 2005; Grimmond, 2007; Kanda,
2007; Zhang et al., 2011); part of the motivation stems from
the fact that the ever-growing urban population and global cli-
mate change have posed significant challenges to sustainable
energy and water resources in metropolitan areas worldwide
(Grimm et al., 2008). Understanding the interactions between
the complex, heterogeneous urban surface and the overlying
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atmosphere is essential for addressing many urban environ-
mental issues (Li and Bou-Zeid, 2013; Li et al., 2013), and
is also critical for improving numerical weather and climate
models as well as air quality models (Miao et al., 2009; Grim-
mond et al., 2010; Chen et al., 2011; Grimmond et al., 2011).

A direct comparison between urban and rural surface en-
ergy balances [Eq. (1)] is especially important for under-
standing the peculiar features of urban surfaces and the im-
pact of urbanization (Oke, 1982). The one-dimensional sur-
face energy balance is usually formulated as

O=H+LE+G, (1)

where Q is the driving energy flux, H is the sensible heat flux
from the surface to the adjacent air, LE is the latent heat flux
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into the atmosphere associated with evapotranspiration, and
G is the ground and urban canopy heat storage. O = R, + O,
where R, is the net radiation resulting from the imbalance be-
tween the incoming and outgoing radiation [see Eq. (2)] and
Or is the anthropogenic heat flux that is often non-negligible
in urban settings. Or can be obtained by an energy consump-
tion survey, based on building energy model and transporta-
tion system model calculations. R, is expressed as

Rn = SWin + LWin - S\Kfout - LWOut ) (2)

where SWj, is the downwelling shortwave radiation, LWj, is
the downwelling longwave radiation, SW, is the upwelling
shortwave radiation, and LW is the upwelling longwave ra-
diation. The framework proposed by Oke (1982) remains the
paradigm for understanding the difference between urban and
rural surface energy balances. Compared to peri-urban and
rural areas, the incoming shortwave and longwave radiation
fluxes are notably influenced in urban areas due to, in partic-
ular, the presence of atmospheric pollutants. Meanwhile, the
outgoing shortwave and longwave radiation fluxes are modi-
fied primarily by changes in surface radiative properties. The
partitioning of the driving energy flux into the sensible heat
flux, latent heat flux and ground heat flux is shifted in favor of
the sensible heat flux and the ground heat flux. Furthermore,
the latent heat flux is significantly reduced in urban areas due
to the extensive use of impervious materials such as asphalt
and concrete. The boundary-layer stability also plays a role
in causing differences in the sensible heat flux between urban
and rural areas, especially during nighttime (Hu et al., 2013).

In practice, the urban surface energy balance is also
closely dependent on the urban morphology and has been
found to vary from place to place [see Piringer et al. (2002)
for a review]. It also varies seasonally due to the variability
of surface properties (such as vegetation coverage) as well
as climate conditions (Loridan and Grimmond, 2012; Miao
et al., 2012). Therefore, the urban—rural contrast cannot be
expected to be universal across different geographic loca-
tions and may also vary seasonally and even over longer time
scales. Numerous studies have investigated into characteris-
tics of the urban surface energy balance and documented a
diversity of differences from the rural counterparts [see Oke
(1982) and Piringer et al. (2002) for reviews]. Nonetheless,
most previous studies are devoted to developed countries and
cover relatively short time periods (Cleugh and Oke, 1986;
Grimmond et al., 1993; Grimmond and Oke, 1995; Grim-
mond and Oke, 1999; Loridan and Grimmond, 2012; Nordbo
et al., 2013). Recently, several field experiments were con-
ducted in densely populated megacities for extended periods
of time (e.g., Kanda et al., 2002; Wood et al., 2010; Miao et
al., 2012). Some of these experiments have multiple observa-
tional sites located over different land-cover types within ur-
ban environments and span a number of years. In this study,
we try to address differences in the urban and rural surface
energy balances over the Beijing metropolitan area using ob-
servation data available over the entire year of 2011.

Over the past few decades, Beijing, the capital of China,
has been amongst the fastest growing cities in the world. In
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2010, the number of permanent residents of Beijing exceeded
19.6 million and the population density in downtown Bei-
jing reached 23 400 km~2, according to the results of the
sixth national census of China (OSCB, 2011). The rapid
urbanization of Beijing has caused numerous environmental
problems such as air pollution and soil degradation, which
might also play a role in affecting the surface energy bal-
ance (Tan and Li, 2013). In addition, many studies have
documented potential impacts of the urbanization on aerosol
load, boundary-layer stability, cloud formation, and rainfall
climatology (Shephard, 2005; Rosenfeld et al., 2008; Zhang
et al., 2009; Miao et al., 2011; Hu et al., 2013), which are
closely associated with changes in the surface energy bal-
ance. Therefore, characterizing the urban surface energy bal-
ance and comparing it to its rural counterpart is important
and can shed light on many environmental problems in the
Beijing metropolitan area.

The objective of this study is to examine differences in
the urban and rural surface energy balances over the Beijing
metropolitan area. To provide a comprehensive comparison,
the urban—rural contrasts in terms of the aerosol load and
cloud conditions are also examined in view of their strong
influences on the surface energy balance. This paper is or-
ganized as follows: Section 2 describes the observational
datasets and methodology, followed by presentation and in-
terpretation of the main results in section 3. The discussion
and conclusions are given in section 4.

2. Data and methodology

2.1. Site description

The data used in this study are available from field mea-
surements at an urban site (39.97°N, 116.37°E, the Beijing
“inner-city” site) and a rural site (39.75°N, 116.96°E, the Xi-
anghe “peri-urban” site) over the Beijing metropolitan area,
China. The two sites are about 60 km apart. The Beijing
flux tower is 325 m high, and is officially known as “the Bei-
jing 325-m meteorological tower”. It conducts turbulent flux
measurements at three different levels: 47 m, 140 m and 280
m above ground level. The Xianghe tower is 102 m high,
and conducts turbulence measurements at two different lev-
els: 32 m and 64 m. The geographic locations of these two
towers and adjacent land-cover features are shown in Fig. 1.
The land-use and land-cover information is available from
the FROM-GLC (Finer Resolution Observation and Moni-
toring of Global Land Cover) dataset, which is the first 30
m resolution global land-cover product derived from Lands
at Thematic Mapper (TM) and Enhanced Thematic Mapper
Plus (ETM+) observations (Gong et al., 2012). It is worth-
while to characterize the land-cover information within the
footprints of the measurements. The spatial representative-
ness of observed fluxes or concentrations above the surface
can be quantified using the footprint function. The upwind
fetch needed by flux measurements at different heights can
be evaluated based on the growth of the internal boundary
and equilibrium layers, whose vertical ranges grow roughly
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as 1/10 x and 1/100 x, respectively [x is the upwind fetch
length; see Brutsaert (1982)]. As a result, we estimate the
footprint as a rectangle with an area of 100 z x 100 z that is
centered on the flux tower (the distance from the flux tower
to each edge is 50 z, where z is the measurement height).
Given that no simple model exists for estimating footprints
over heterogeneous surfaces, such an empirical approach for
estimating the footprint is deemed sufficient in our study. The
two footprints shown in Fig. 1 correspond to measurements
made at 280 m and 64 m, which provide top-level turbulent
flux measurements at the Beijing and Xianghe sites, respec-
tively. The land-use fractions within the footprints of each
measurement height at the two sites are provided in Table 1.
It is clear that fractions of impervious surface at the Beijing
site range from 65% to 82% in the three footprints (47 m,
140 m and 280 m) and decrease with an increase in height.
Vegetated surfaces at the two sites are comprised mainly of
cropland/grassland. For the Beijing site, the vegetated sur-
face fractions range from 12% to 29% and increase with an
increase in height. For the Xianghe site, croplands constitute
the highest fractions and have no significant differences be-
tween the two footprints (32 m and 64 m). Compared to the
Beijing site, surface compositions for the different footprints
at the Xianghe site are much more homogeneous.

Wang et al. (2014) analyzed the surface composition of

Table 1. Land-use fractions within the footprints of each flux mea-
surement height at the two sites.

z Cropland  Impervious = Water  Others
(m) (%) (%) (%) (%)
Beijing 47 12 82 6 0
140 18 74 7 1
280 29 65 4 2
Xianghe 32 75 22 1 2
64 74 21 3 2
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the footprints of the Beijing flux tower using 30 m resolution
Landsat TMS5 satellite images. In their analysis, three land-
cover types are distinguished: impervious surface, soil, and
vegetated surface. The fractions of impervious surfaces range
from 65% to 75% in the three footprints for the three levels.
Soil is the second most important surface type, with fractions
ranging from 20% to 30%. Vegetated surfaces represent the
lowest fraction (about 5%). Our estimates herein are in broad
agreement with Wang et al. (2014), given that soil and vege-
tated surfaces are not distinguished in this study.

As shown in Table 1, the Xianghe site is surrounded pri-
marily by cropland (about 75%), while the impervious sur-
face fraction is small (about 20%) and is primarily located to
the east of the tower. The surface compositions of the two
footprints for the two levels at the Xianghe site are very sim-
ilar.

2.2. Observational datasets
2.2.1.  Turbulent fluxes

The field measurements and related experimental details
at the Beijing flux tower have been reported elsewhere (Li
et al., 2010; Miao et al., 2012). High-frequency measure-
ments of wind velocity, air temperature, water vapor and
CO, concentrations are available through combinations of
three-dimensional sonic anemometers (Campbell Scientific
CSAT3, USA) and open-path gas analyzers (LICOR-7500,
USA). Similarly, at the Xianghe site, wind velocity and
air temperature are measured using three-dimensional sonic
anemometers (Gill, UK), while water vapor and CO, concen-
trations are measured using open-path gas analyzers (LICOR-
7500, USA).

Turbulence data are recorded at a frequency of 10 Hz.
Double rotation (i.e., yaw and pitch rotations) and linear de-
trending are applied to all time series. Webb correction is ap-
plied to the water vapor and CO; fluxes. The processing of
turbulence data follows the method described in Wang et al.
(2014).

[l Impervious [ Cropland B Water W OtherJ

Fig. 1. The land cover at the Beijing and Xianghe sites given by the FROM-GLC. The two stars are the locations
of the towers. The middle panel shows the geographic features of the Beijing and Adjacent Regions (courtesy

of Google).
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2.2.2. Radiation

At the Beijing site, four-componentradiation (i.e., incom-
ing shortwave and longwave radiation, and outgoing short-
wave and longwave radiation) is also measured at the three
levels using CNR1 radiometers. At the Xianghe site, the ra-
diation measurements only include incoming shortwave and
longwave radiation. The incoming shortwave radiation is de-
rived by summing the direct and diffuse components, which
are measured using an Eppley Normal Incidence Pyrheliome-
ter and a black-and-white radiometer. The incoming long-
wave radiation is measured using an Eppley Precision In-
frared Radiometer. Additional information about the instru-
ments and data quality control can be found in Xia et al.
(2007). Note that the global incoming shortwave radiation
measured by the Kipp—Zonen CM21 and CM11 radiometers
at the Xianghe site are not used in this study, as recommended
in Xia et al. (2007).

2.23.

Both sites are part of the Aerosol Robotic Network
(AERONET, http://acronet.gsfc.nasa.gov/) and have cloud-
screened observations of aerosol optical depth (AOD) and
precipitable water (Holben et al., 1998; Eck et al., 1999;
O’Neill et al., 2003). AOD is a measure of radiation ex-
tinction through an air column. It is an indicator for aerosol
load in the atmosphere: the higher the AOD values, the more
aerosols are present in the atmosphere. AODs at different
wavelengths (340, 380, 440, 500, 675, 870 and 1020 nm) are
retrieved in the AERONET products and the uncertainty as-
sociated with AOD observations is about 0.01-0.02 (Eck et
al., 1999). For this study, only AODs at 440, 675, 870 and
1020 nm from the Level 2.0 product are used, due to data
availability. The precipitable water is the integrated water va-
por amount in the air column and is derived from the 935 nm
channel at AERONET sites.

Aerosol optical depth and precipitable water

2.2.4. Cloud observations

Cloud information at the two sites is provided by Moder-
ate Resolution Imaging Spectroradiometer (MODIS) satellite
observations. In this study, we are particularly interested in
the urban—rural contrasts in cloud coverage. As such, the
instantaneous global Level 2 product MODO06 L2 is used
(http://modis-atmos.gsfc.nasa.gov/MODO06 L2/index.html),
which estimates the 5 min cloud fraction at a 5 km resolution
from a CO; slicing technique for both daytime and nighttime.
The cloud fraction is provided at a frequency of two to four
times every day.

2.3. Turbulent flux calculation

.. . . . 2
The friction velocity u, is calculated using u, = (u'w'~ +

2 . .
vw'")1/4. The sensible heat, latent heat and carbon dioxide
fluxes are calculated using the eddy-covariance method:

H=pc,WT", 3)
LE = pL,w'q", “)
CFX =w'c, 5)
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where u, v, and w are the streamwise, cross-stream and verti-
cal velocities (m s~ 1), respectively; T is the temperature (K);
g is the specific humidity (kg kg~!); and ¢ is the concentra-
tion of CO, (mg m~3). The overbar denotes time averages
and an averaging period of 30 minutes is used in this study.
The prime denotes turbulent fluctuations from the Reynolds
averages. p is the air density (kg m ). ¢p is the specific heat
capacity at constant pressure (J kg~! K~!) and L, is the latent
heat for moisture exchange (J kg™ 1).

Following Li and Bou-Zeid (2011) and Wang et al.
(2014), only the data satisfying the following criteria are
used: |u.| >0.1ms™!, |H| > 10 Wm~2, |LE| > 10 Wm2
and |CFX| > 0.01 mg m2 s~!. Unusually large turbulent
fluxes are also excluded from the analyses, since they are
likely to be associated with measurement problems. In our
study, sensible and latent heat fluxes greater than 400 W m—2
or less than —200 W m~? are excluded. Given that we do not
have information about the anthropogenic heat flux, the heat
storage G in Eq. (1) is simply calculated as R, — H — LE.

3. Results

3.1. Radiative energy components at the urban and rural

sites

We first examine the incoming shortwave and longwave
radiation at the two sites. Figure 2 compares the monthly-
averaged diurnal cycles of the incoming shortwave and long-
wave radiation at the urban and rural sites. As seen in Fig. 2,
diurnal variations of the incoming shortwave and longwave
radiation at the two sites are fairly similar. Nonetheless,
their magnitudes are evidently different between the two
sites. As presented in Fig. 3, which shows the monthly-
averaged differences between the two sites in terms of in-
coming shortwave and longwave radiation, the urban site
receives less shortwave radiation but more longwave radia-
tion than the rural site. The incoming shortwave radiation at
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Fig. 2. Monthly-averaged diurnal cycles of incoming shortwave
and longwave radiation at the Beijing and Xianghe sites in 2011.
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Fig. 3. Monthly-averaged differences in incoming shortwave
and longwave radiation at the Beijing and Xianghe sites in 2011.

the urban site is about 20% lower in August and about 3% to
12% lower in other months during the daytime (0800—1700
LST). The incoming longwave radiation at the urban site is
about 3% to 15% larger than that at the rural site during the
daytime (0800—1700 LST). The maximum (15%) occurs in
January and the minimum (3%) in July. According to Oke
(1982), the incoming shortwave radiation is typically 2% to
10% lower in the city (Peterson and Stoffel, 1980), while the
incoming longwave radiation is slightly increased as a result
of urbanization. Our results are in agreement with the de-
scriptions by Oke (1982). It is interesting to observe that
the differences between the urban and rural incoming short-
wave radiation exhibit some seasonal variability, as can be
seen from Fig. 3. The differences are larger in boreal summer
than in winter, and are most evident in August. Nonetheless,
the differences in incoming longwave radiation show less sea-
sonal variability, with those in winter only slightly larger than
those in summer.

To assess the impact of urbanization on the atmospheric
conditions, we investigate the aerosol, precipitable water and
cloud measurements at the two sites. These variables can
potentially have significant impacts on the surface energy
balance. For example, a higher level of AOD and cloud frac-
tion will result in lower incoming shortwave radiation at the
surface; while a higher level of precipitable water will in-
crease the incoming longwave radiation at the surface. The
monthly-averaged AODs measured at four different wave-
lengths (1020 nm, 870 nm, 675 nm and 440 nm) at the two
sites in 2011 were compared and the results are similar for
these four wavelengths. Hence, only AODs at 675 nm are
shown in Fig. 4a. As can be seen from Fig. 4a, the AOD
values are generally larger in summer than in other seasons,
which is consistent with the observations in Che et al. (2009).
In summer, convective turbulence may transport low-level
aerosol upward to high altitude, and the high temperature
and relative humidity favors the production of aerosol pre-
cursors and the growth of existing particles (Xia et al., 2006;
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Fig. 4. (a) Monthly-averaged AOD at the Beijing and Xianghe
sites at 675-nm wavelength in 2011, and (b) comparison of
monthly-averaged AOD at Beijing and Xianghe at four wave-
lengths (units: nm) from 2010 to 2012.

Che et al., 2009), which will increase aerosol backward scat-
tering, and thus lead to high AOD values. In winter, the
northern cold, dry and clean winter monsoon affects China,
and the cold air activities with large wind speed contribute to
the aerosol dispersion in this season. Therefore, AOD val-
ues are low in winter. February appears as an outlier for
both sites probably because of extensive fireworks during the
spring holidays (from 2 to 8 February 2011). However, Fig.
4a shows that in some months, the AOD values measured
in the urban site are higher, while in some other months the
AQOD values measured at the urban site are lower. This in-
dicates that the AODs measured at the urban and rural sites
do not explain the difference in the shortwave radiation ob-
served in Fig. 3. To investigate the difference between the
two sites in AOD at longer time scales, the monthly-averaged
AQOD values at four wavelengths between 2010 and 2012 are
compared (Fig. 4b). A linear fitting suggests that the AOD
values at the Xianghe (rural) site are 0.96 (with a standard er-
ror of 0.02) times the AOD values at the Beijing (urban) site,
implying that the AOD values at the urban site are slightly
larger than those at the rural site at longer time scales. This is
in agreement with the factual heavier air pollution as a result
of urbanization.

The AOD measurements used herein are all cloud-
screened; that is, all AOD values are retrieved under clear-sky
conditions. However, the presence of clouds can also sig-
nificantly modify the surface energy balance, particularly by
altering the incoming shortwave radiation. There have been
many studies devoted to analyzing the impact of urbanization
on cloud processes and precipitation [see Shephard (2005) for
areview]. The principal mechanisms are urban heat island ef-
fects (e.g., Bornstein and Lin, 2000; Lin et al., 2011; Miao et
al., 2011), urban canopy effects (e.g., Loose and Bornstein,
1977; Miao et al., 2011), and urban aerosol effects (e.g., Jin
and Shepherd, 2008; Ntelekos et al., 2009; Jin et al., 2010).
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All of these mechanisms can have an impact on cloud forma-
tion. For instance, as a result of the urban heat island effect,
thermal convection in urban environments will be enhanced
and more clouds are likely to form over cities. In our study,
the cloud conditions at the urban and rural sites are examined
using satellite observations. The cloud fraction product from
MODIS is used. Figure 5a shows the monthly-averaged cloud
fractions at the two sites in 2011. It is clear that the two sites
generally have more clouds in summer than in winter, with
February as an outlier. The seasonal variability of cloud frac-
tions clearly resembles that of AOD at the two sites, imply-
ing significant aerosol—cloud interactions. Yuan et al. (2011)
also found that cloud fraction changes with aerosol loading.
Concerning the differences between the two sites, the urban
cloud fractions are larger than their rural counterparts, except
in April, May, June and November. For these months, the
AOD values at the urban site are larger than their rural coun-
terparts in May and November (see Fig. 4a). As a result,
the combination of aerosol and cloud information seems to
explain a large part of the difference between the two sites
in incoming shortwave radiation. It is, however, noted that
the cloud fraction estimates have relatively large uncertain-
ties given that measurements are only available a few times
(usually two to four) a day. Similar to Fig. 4b, to further
quantify the difference in cloud fractions between the two
sites, we use monthly-averaged data from 2010 to 2012, as
shown in Fig. 5b. Linear fitting is also conducted: y = 1.00x
(the slope 1.00 has a standard error of 0.01), where x and y
are the cloud fractions at the Beijing and Xianghe sites, re-
spectively. As such, the difference in cloud fractions at these
two sites is not significant over these three years.

The incoming longwave radiation received at the surface
is predominantly emitted by clouds, water vapor (quantified
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Fig. 5. (a) Monthly-averaged cloud fraction at Beijing and Xi-
anghe in 2011, and (b) comparison of monthly-averaged cloud
fraction at Beijing and Xianghe from 2010 to 2012.
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in terms of precipitable water), and other greenhouse gases
such as carbon dioxide and ozone in the atmosphere. It varies
with both the amount and properties of these constituents.
The vertical distribution of air temperature also has a signifi-
cant impact on the incoming longwave radiation: the incom-
ing longwave radiation generally increases with the air tem-
perature. The monthly-averaged precipitable water in 2011
measured at the two sites by AERONET is shown in Fig.
6a. In general, the Xianghe site has relatively higher precip-
itable water than the Beijing site. This is further confirmed
by comparing the precipitable water at the two sites for the
period from 2010 to 2012 (Fig. 6b). As can be seen from
Fig. 6b, the linear fitting indicates that the precipitable water
at the Xianghe site is slightly larger than at the Beijing site
(slope is 1.05 with a standard error of 0.01), especially when
the amount of precipitable water is large. The lower precip-
itable water at the urban site is probably due to reduced evap-
otranspiration in urban areas. Nonetheless, precipitable water
alone cannot explain the observed longwave radiation differ-
ences between the two sites, since Fig. 6b would suggest that
the urban site has less longwave radiation than the rural site,
contrary to the actual observation shown in Fig. 3. Given that
water vapor is the most abundant greenhouse gas in the at-
mosphere, it is concluded that the observed differences in the
longwave radiation cannot be explained solely by the pres-
ence of more greenhouse gases over cities as suggested by
Oke (1982). The larger longwave radiation at the urban site
(Fig. 3) is most likely caused by the higher air temperature,
i.e., the urban heat island effect.

3.2. Turbulent exchanges at the urban and rural sites

In this section, the turbulent exchanges of sensible heat
and latent heat are examined at the two sites. They are im-
portant components in the surface energy balance equation
[Eg. (1)] and their measurements are available at both sites.

Figure 7 shows the monthly-averaged diurnal cycles of
the net radiation [calculated from Eq. (2)], sensible heat flux
(H), latent heat flux (LE), and the heat storage (calculated
as R, — H — LE, by temporarily omitting the anthropogenic
heat flux Or here, because of the absence of accurate energy
consumption and traffic flow data) at the Beijing site in 2011.
As mentioned in section 2, the measurements are available at
three levels: 47 m, 140 m and 280 m. As can be seen from
Fig. 7, the net radiation is larger in spring and summer than in
autumn and winter. The seasonal variations of net radiation
generally follow those of incoming shortwave radiation (Fig.
3). The sensible heat fluxes peak (~ 200 W m~?2) in March,
April and May, mostly because of the larger net radiation
during this period. In other months, the monthly-averaged di-
urnal cycles of sensible heat flux are fairly similar, with peak
values of about 100 W m~2. In contrast, there is a strong
seasonality in the latent heat flux, which reaches its maxi-
mum values (~ 150 W m~2) in the summer months (June,
July and August) and diminishes significantly in the winter
months (November, December, January and February). The
heat storage is the largest amongst the surface energy bud-
get terms, whose peak value reaches 350 W m~2 in the spring
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sites from 2010 to 2012.
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Fig. 7. Monthly-averaged diurnal cycles of (a) net radiation, (b)

sensible heat flux, (c) latent heat fluxes, and (d) heat storage at
the Beijing site in 2011.

and summer months. This implies that a significant portion
of the driving energy flux is stored in the urban canopy and
ground, causing the urban heat island effect. The variations
in the heat storage also follow those of the net radiation, and
thus those of the incoming solar radiation. The fluxes mea-
sured at the three levels are inter-compared (not shown here).
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The net radiation measured at the three different levels are
very close to each other and the differences are within 1% to
2%. The sensible heat fluxes measured at 47 m and 140 m are
fairly close to each other, while those measured at 280 m are
significantly lower. Larger differences (10%—30%) are ob-
served for latent heat fluxes and heat storages: the latent heat
fluxes decrease with the height and the heat storage increases
with the height. It is interesting to note that these results are
not directly inferable from the land-use and land-cover infor-
mation provided in Table 1. According to this information,
the footprint corresponding to the measurements at 280 m has
the highest cropland fraction, yet our observations indicate
the level corresponds to the smallest latent heat flux. A more
accurate model for estimating footprints in such a heteroge-
neous environment and a detailed analysis of the composition
of footprints are needed to completely understand the vertical
variations of turbulent fluxes. In the following analysis when
we compare the urban fluxes to rural fluxes, only the fluxes
measured at 140 m are used. This is because the other two
levels are not in the constant-flux layer (Miao et al., 2012).
Due to data availability, only sensible heat and latent heat
fluxes at the Xianghe site are analyzed and compared to those
measured at the Beijing site. As can be seen from Fig. 8, sea-
sonal variations in the sensible heat flux at the Xianghe site
are similar to those observed at the Beijing site, while the
peak values are lower for the former. The latent heat fluxes
at the Xianghe site also reach their maximum in the grow-
ing season, i.e. May, June, July and August, because of the
monsoon wet season. This is also similar to what is observed
at the Beijing site. When fluxes at the two levels are com-
pared at the Xianghe site, the differences are relatively small
compared to those observed at the Beijing site. The sensible
heat flux at 32 m is about 10% larger than that at 64 m, while
the latent heat fluxes at the two levels are very close. This
implies that the two levels are both in the constant-flux layer.
As such, we choose the arithmetic mean of fluxes at the two
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Fig. 8. Monthly-averaged diurnal cycles of (a) sensible heat and
(b) latent heat fluxes at the Xianghe site in 2011.
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levels as a reference for urban—rural comparisons.

Figure 9 shows the differences between the urban and
rural sensible heat flux, latent heat flux, and available energy.
The available energy is the sum of the sensible and latent
heat fluxes. It is clear that the urban site has higher sensible
heat fluxes and, overall, lower latent heat fluxes. The differ-
ences in the sensible heat fluxes are most evident from April
to September, and the maximum in the differences does not
concur with the maximum in the sensible heat fluxes. For
the latent heat fluxes, the largest difference occurs in May.
The differences are then reduced in June and maintained at
relatively low values throughout the growing season until Oc-
tober. The intra-annual variations in the urban—rural contrast
in evapotranspiration suggest that the difference in evapo-
transpiration is not only related to the difference in green
cover fraction, but also the difference in soil moisture avail-
ability. An examination reveals that the increase in latent heat
fluxes just before the growing season (in May) is much more
significant at the Xianghe site, which is attributed to three
factors: (1) the Xianghe site has a larger fraction of cropland,
leading to a more rapid increase in evapotranspiration; (2)
the soil moisture at the Xianghe site is not a limiting factor
for crop growth; and (3) the growing vegetation contributes
a larger amount of water vapor to the atmosphere. The dif-
ference between the urban and rural available energy is also
very important, e.g. in estimating the strength of the urban
heat island effect (Li and Bou-Zeid, 2013). It is interesting
to observe that the urban available energy is generally larger
than its rural counterpart, which, according to Li and Bou-
Zeid (2013) will cause the urban heat island effect. The only
two outliers occur just before and just after the growing sea-
son, i.e. May and October. The outlier in May is because of
the faster increase in evapotranspiration at the beginning of
the growing season at the rural site, which was mentioned
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LE) between the Beijing and Xianghe sites in 2011.
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before. The outlier in October is due to the sharper decrease
in evapotranspiration at the end of the growing season at the
urban site, which is probably due to the soil moisture limita-
tion in urban areas. Both are related to the contrast in surface
water availability between the urban and rural sites.

4. Discussion and conclusions

A direct comparison of urban and rural surface energy
balances, as well as a variety of other meteorological vari-
ables, is conducted for the Beijing metropolitan area. The
main conclusions reached in this study are as follows:

The framework proposed by Oke (1982) remains the
paradigm for understanding urban—rural contrasts in the sur-
face energy balance, but should be subjected to some modi-
fications. The field experiments conducted over the densely
populated Beijing metropolitan area suggest that compared
to rural areas, the urban areas generally receive less short-
wave radiation but more longwave radiation. Nonetheless,
the observed differences are not merely associated with ur-
ban pollution as suggested by Oke (1982). We found that
neither AOD nor cloud fraction alone can explain the differ-
ence in the incoming shortwave radiation. It is possible that
a combination of aerosol and cloud information can explain
a large part of the difference, but this needs to be verified
using more sophisticated radiation models. In addition, we
try to attribute the differences in the incoming longwave ra-
diation to the amount of greenhouse gases, as also suggested
by Oke (1982). Given that water vapor is the most abundant
greenhouse gas, the precipitable water is compared and it is
found that the urban areas have less precipitable water. As
such, the larger longwave radiation received in the urban ar-
eas is unlikely to be caused by the differences in the amount
of greenhouse gases.

The urban surface—atmosphere exchanges of sensible
heat and latent heat differ from their counterparts in rural
areas. In general, urban areas produce higher sensible heat
fluxes and lower latent heat fluxes. The urban—rural contrasts
in the surface energy balance also show seasonal variations.
The maximum differences in both sensible heat and latent
heat fluxes are found to occur in boreal summer. Urban ar-
eas also produce a larger amount of available energy than the
rural areas, which is an important contributor to the urban
heat island effect. This is not the case just before and just
after the growing season, due to the faster increase in evap-
otranspiration in rural areas just before the growing season
and the sharper decrease in evapotranspiration in urban areas
just after the growing season. Both are related to the surface
moisture limitation in urban areas compared to rural areas.

The above findings have important implications for urban
modeling and urban management. First, it calls for a more
accurate representation of aerosol—cloud interactions in nu-
merical weather and climate models. Second, even for such
densely populated urban terrain, evapotranspiration remains a
significant component in the surface energy balance. The ur-
ban modules used in numerical weather and climate models
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need to take into account urban hydrological processes, hence
the method of parameterizing an urban area as a completely
impervious surface is inappropriate. Third, the difference in
evapotranspiration between urban and rural areas is not only
related to the difference in green cover (i.e., grass and trees)
fraction, but also the difference in soil moisture conditions.
Urban irrigation can be helpful in promoting evapotranspira-
tion and thus alleviating the urban heat stresses.
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