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Abstract

Given the considerable influences of urbanization on near-surface air temperature (7,) and surface skin temperature (7,)
at local and regional scales, we investigated the biogeophysical effects of urbanization on T, and T, in the Beijing-Tianjin-
Hebei (BTH) region of China, a typical rapidly urbanizing area, using the weather research and forecasting model (WRF).
Two experiments were conducted using satellite-derived realistic areal fraction land cover data in 2010 and 1990 as well as
localized parameters (e.g. albedo and leaf area index). Without considering anthropogenic heat, experimental differences indi-
cated a regional biogeophysical warming of 0.15 °C (0.16 °C) in summer T, (T,), but a negligible warming in winter 7, (T}).
Sensitivity analyses also showed a stronger magnitude of local warming in summer than in winter. Along with an increase
of 10% in the urban fraction, local T, (T;) increases of 0.185 °C (0.335 °C), 0.212 °C (0.464 °C), and 0.140 °C (0.220 °C)
were found at annual, summer, and winter scales, respectively, according to a space-for-time substitution method. The
sensitivity analyses will be beneficial to get a rough biogeophysical warming estimation of future urbanization projections.
Furthermore, a decomposed temperature metric (DTM) method was applied for the attribution analyses of the change in 7,
induced by urbanization. Our results showed that the decrease in evapotranspiration-induced latent heat played a dominate
role in biogeophysical warming due to urbanization in BTH, indicating that increasing green space could alleviate warming
effects, especially in summer.

Keywords Urbanization - Local effect - Surface energy balance - Numerical modeling

1 Introduction

By modifying the physical properties of the land sur-
face, such as albedo, leaf area index (LAI), and roughness
length, land use and land cover change (LULCC) alters
exchanges of energy and water fluxes between land surfaces
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and the atmosphere, and with subsequent impacts on local
and regional climate (Betts 2001; Feddema et al. 2005;
Mahmood et al. 2014; Pielke et al. 2016; Pongratz et al.
2010). These above biogeophysical effects of LULCC are
different from biogeochemical effects due to the emissions
and deposition of carbon, nitrogen, and other chemically
active species (de Noblet-Ducoudré et al. 2012; Feddema
et al. 2005; Pielke et al. 2002, 2011; Pitman et al. 2009; Pon-
gratz et al. 2010). Characterized by a large amount of natural
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or semi-natural vegetation and other land cover occupied
by impervious surfaces, urbanization is a land use change
form with the highest intensity of human influences. Despite
minor urbanization impacts on national or global near-
surface air temperature (7)) (Solomon et al. 2007; Wang
et al. 2015a), considerable influences on T, or surface skin
temperature (7, or land surface temperature), heat stress or
precipitation are observed or modeled at local or regional
scales, which cannot be ignored (Georgescu et al. 2013;
Grimmond 2007; Niyogi et al. 2017; Oleson et al. 2015;
Zhou et al. 2004). For example, the atmospheric/surface
urban heat island (UHI) effect is a common phenomenon
that results from urbanization (Li et al. 2017; Oke 1982;
Stewart and Oke 2012; Voogt and Oke 2003).

Urbanization’s climatic effects, particularly its influences
on T,/T, have been studied using many different approaches.
Generally, the UMR (urban minus rural) (Hu et al. 2016;
Ren and Ren 2011; Wang et al. 2017a) and OMR (obser-
vation minus reanalysis) (Kalnay and Cai 2003; Zhou
et al. 2004) are two popular ways to quantify urbanization
effects on 7,. However, the UMR is restricted by the spa-
tial representation of meteorological observation sites, data
inconsistency due to meteorological station relocation and
equipment upgrading, and different selection standards for
urban and rural sites (Cao et al. 2016b; Peterson 2003; Ren
and Ren 2011); thus there is a potential uncertainty in final
assessment results using the UMR method. OMR is also
constrained by the influences of climate variability and vari-
ous reanalysis datasets, which can result in inconsistent or
contradictory results, or highly variable results among dif-
ferent reanalysis datasets (Wang et al. 2013a; Wang and Yan
2015). Although these two methods could be used to deter-
mine influences of urbanization on 7, evaluation results
are often site based or grid interpolated, and with biases
and uncertainties. Remote sensing-based land surface tem-
perature is often employed to quantify the spatial-temporal
effects of urbanization on 7 (surface UHI). At present, more
than ten indicators to quantify surface urban heat islands of
cities have been explored (Clinton and Gong 2013; Li et al.
2017; Schwarz et al. 2011). However, quantified analyses
about the mechanisms of urbanization impacts on 7,/T; are
absent in studies using these above methods based on obser-
vational data. Evaluations using the regional climate mod-
eling (RCM) method at a finer spatial resolution provide an
opportunity to detect biogeophysical effects of urbanization
on T /T, with greater spatial and temporal details, and also
can provide a mechanism analysis from the perspective of
surface energy balance, which is a meaningful and challeng-
ing work (Cao et al. 2016¢; Georgescu et al. 2013; Sharma
et al. 2017; Zhao et al. 2014).

In recent years, multiple modeling studies of climatic
effects due to urbanization were carried out in cities, urban
agglomerations and countries. However, there are still
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several primary shortcomings in these modeling studies.
First, most studies evaluated the climatic effects of urbaniza-
tion by virtual sensitivity experiments, which was completed
by replacing urban areas with hypothesized land cover types
(e.g., croplands, grasslands, or forests), instead of realistic
land cover information (Wang et al. 2012, 2013b). Second,
the dominant land cover type in a modeling grid was often
adopted in the majority of simulations (Cao et al. 2016c;
Zhao and Wu 2017), ignoring the mixture of different land
cover types (Li et al. 2013). The above two shortcomings
may lead to overestimated or underestimated urbanization-
induced realistic climatic effects at local/regional levels.
Third, the simulations often used an original look-up table
of biogeophysical parameters based on averages at a global
scale; thus localizing key biogeophysical parameters (e.g.,
albedo and LAI) is needed. Fourth, the sensitivity of local
biogeophysical effects to urbanization has been rarely
analyzed, specifically, how the local effects respond to an
increase of 10% in urban fraction. Furthermore, local and
nonlocal biogeophysical effects were seldom separated in the
modeling studies (Kumar et al. 2013; Malyshev et al. 2015;
Winckler et al. 2017a, b). Nonlocal effects refer to advection
of local changes in air temperature and humidity caused by
LULCC to nearby or remote regions (Winckler et al. 2017a,
b). Finally, decomposition of contributions from the indi-
vidual terms of the surface radiation/energy fluxes (or sur-
face properties, such as albedo, Bowen ratio, aerodynamic
resistance, surface resistance) to the change in 7; induced by
LULCC was rarely conducted in previous studies.

Until now, three methods were proposed to separate
contributions from the individual terms to the change in
T, due to LULCC. The first one is the decomposed tem-
perature metric (DTM) method to analyze the change in
T, through changes in absorbed solar radiation, downward
longwave radiation, sensible/latent heat flux, and ground
heat flux (Juang et al. 2007; Luyssaert et al. 2014; Winck-
ler et al. 2017a). The second one is the intrinsic biophysi-
cal mechanism (IBPM) method to separate the effects of
albedo, aerodynamic resistance, Bowen ratio, surface storage
and anthropogenic heat (Cao et al. 2016a; Lee et al. 2011;
Zhao et al. 2014). The last one is the newly two-resistance
mechanism (TRM) method to replacing the Bowen ratio in
the IBPM method by the surface resistance (Rigden and Li
2017). Attribution of change in 7,/7, is of great help to miti-
gate climate change. To our knowledge, although previous
studies had considered two or three of the aforementioned
shortcomings, none of these previous efforts took all the five
aspects into account.

Motivated by previous studies and the aforementioned
challenges, we aimed to examine the biogeophysical effects
of urbanization with realistic and more precise land cover
fraction information as well as localized parameters (e.g.,
albedo and LAI) embedded in the Weather Research and
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Forecasting Model (WRF). The Beijing-Tianjin-Hebei
(BTH) region of China, a highly urbanized hotspot, was
taken as a case study area to evaluate the effects of urbani-
zation on T, and T,. Moreover, we analyzed sensitivity of
local biogeophysical effects to urbanization and further
decomposed the individual contribution of changes in
radiation/energy fluxes [e.g., net shortwave radiation flux
(SW,,,), latent heat flux (LE), and sensible heat flux (H)] to
the change in 7 induced by urbanization.

2 Data and methods
2.1 Data

In WRF modeling, initial conditions and time-varying
boundary conditions were taken from the ERA-Interim
reanalysis dataset with a grid interval of 0.5° X% 0.5° and
a time interval of 6 h (Dee et al. 2011). Albedo and LAI
were retrieved from the Global LAnd Surface Satellite

(GLASS) datasets for parameter localization (Liu et al.
2013; Xiao et al. 2016).

Land cover data of the BTH region were collected from
the National Land Cover/Use Dataset of China (NLCD-
China), which were produced by interpreting Landsat TM/
ETM+ data. Based on field survey validation, classifica-
tion accuracy for each land cover type in this dataset was
over 90% (Liu et al. 2014, 2005). The original land cover/
use data were aggregated as the areal fraction data with a
grid interval of 4 km as same as the WRF modeling grids,
then the fractional land cover data in 1990 and 2010 were
incorporated in the WRF simulation grids for a better rep-
resentation of mixture and fraction of different land cover
types (see details in Sect. 2.2.1 and Fig. 1). In 1990-2010,
urban expansion dominated the land use change across the
whole the BTH region (Liu et al. 2014), other land use
conversions, such as cropland reclamation, are quite lim-
ited. According to statistics, urban land fraction increased
about 2% during 1990-2010 in the whole BTH region.
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Fig.1 Nested domains and land surface information in the WRF
model configuration. a WRF model configuration for the two nested
domains (D01 and D02) with the terrain height as background. The

innermost domain (D02) covers the BTH region. b Land cover in
2010. ¢ Land cover in 1990. d Urban fraction in 2010. e Urban frac-
tion in 1990. f Change in the urban fraction during 1990-2010
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Monthly 7, grid observation data in China at a grid
interval of 0.5° from China Meteorological Data Service
Center (CMDC), which were interpolated from about 2472
observational stations with a strict quality control, were
used for validation of the WRF modeled results. Specifi-
cally, monthly averages of daily mean air temperature for
36 months (2009-2011) were used for the validation of mod-
elling results in this study.

2.2 Methods
2.2.1 Design of experiments

Simulations were performed by using the WRF ARW ver-
sion 3.6.1 (Skamarock and Klemp 2008). Two nested grids
were used with grid interval of 20 km (domain 1) (56 x61
grids) and 4 km (domain 2) (136 x 191 grids) (Fig. 1). Based
on the land cover fraction data in 2010 and 1990 in the BTH
region and surrounding areas, two experiments (Case2010
and Casel1990) were designed for a 3-year simulation from
December 1, 2008 to December 31, 2011, using the same
initial and boundary conditions. The initial 31-day period
(December 1-31 in 2008) was considered as a spin-up period
to minimize the effects of the initial conditions. Effects of
urbanization were quantified as the differences between the
Case2010 and Case1990 experiments.

The parameterization schemes used in our simulation are
listed in Table 1, and the WRF model setting details are
as follows. In this study, the “mosaic/tiling” approach was
adopted to represent sub-grid variability of different land
cover types (i.e., urban land and other land types) within the
modelling grids instead of the traditional “dominant land
cover type” approach, thus for improving the simulations of
surface radiation and turbulent fluxes (e.g., radiation, sen-
sible heat, and latent heat fluxes) (Li et al. 2013). The first

Table 1 Parameterization schemes in the WRF model configuration

Physical process Parameterization scheme

Noah land surface model (Chen
and Dudhia 2001; Li et al.
2013)

RRTMG? (Iacono et al. 2008)
CAM? (Collins et al. 2004)
WSM3° (Hong et al. 2004)
Kain-Fritsch (Kain 2004)
YSU? (Hong et al. 2006)

Land surface process

Longwave radiation scheme
Shortwave radiation scheme
Microphysics scheme
Cumulus scheme

Planetary boundary layer process

“RRTMG, a new version of rapid radiative transfer model

°CAM, the community atmosphere model shortwave radiation
scheme

“WSM3, the WREF single-moment three-class microphysics scheme

4YSU, the Yonsei University planetary boundary layer scheme
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three land cover types with the highest area fractions, which
accounted for more than 99% in all the grid cells, were con-
sidered in the WRF “mosaic/tiling” approach, while the
other land cover types with limited fractions were ignored.

The maximum and minimum values of albedo and LAI
parameters are critical for accurately simulating the impacts
of urban expansion on radiation and energy budgets, and
then local/regional climate. Based on statistical analyses of
quality-controlled albedo/LAI data from the GLASS product
using the method of Zhao et al. (2017), the maximum and
minimum values of albedo/LAI were extracted. Specifically,
the maximum and minimum albedo of urban and built-up
land (urban land for short, hereafter) in the original look-
up table were updated to 0.153 and 0.138, while those of
cropland were updated to 0.186 and 0.159, and grassland
to 0.160 and 0.133, respectively, which were more accurate
in our study area as a semi-humid zone. The maximum and
minimum LAIT values of urban land were updated to 0.497
and 0.104, which were apparently closer to the true value
than original maximum and minimum values of 1, while the
values for cropland were changed to 2.266 and 0.225, and
grassland to 2.234 and 0.184, respectively.

2.2.2 Sensitivity of local biogeophysical effects
to urbanization

Similar to the study of Winckler et al. (2017a), we assumed
that the simulated total signal in grid cells experiencing
urban expansion consisted of the sum of local and nonlo-
cal effects. The nonlocal effects corresponded to that in
grid cells without an additional urban expansion. As seen
in Fig. 1f, a variety of changes in the urban fraction dur-
ing 1990-2010 spread over the BTH region, indicating an
opportunity to carry out a space-for-time substitution analy-
sis. To separate local effects of urbanization from nonlocal
effects, a simple space-for-time substitution method was pro-
posed. A linear regression between the change in urban frac-
tion (AF,) and the change in T, at 2 m (AT,) (experimental
differences between Case2010 and Case1990) at modeling
grid cells (4 km x4 km) in the BTH region was developed
to explore the sensitivity of change in 7, to change in urban
fraction, as shown in Eq. 1.

AT, =al X AF, + bl. (1)

In Eq. 1, the slope of al was treated as the local biogeo-
physical T, effect when the urban fraction increased from 0
to 100%, and the constant b/ corresponded to the change in
T, without additional urban expansion, which was treated
as a nonlocal 7, effect of urbanization. Sensitivity of local
change in 7, to urbanization was defined by 10% of al,
which corresponded to local change in 7, due to an increase
of urban fraction by 10%.
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Similar analyses could also be performed for changes in
radiation/energy fluxes and AF,, as shown in Eq. 2, tak-
ing ALE as an example. The slope of a2 was treated as the
local biogeophysical effect on LE when the urban fraction
increased from O to 100%, b2 was treated as corresponding
nonlocal effects on LE. Sensitivity of local change in LE to
urbanization was defined by 10% of a2, which corresponded
to local change in LE induced by an increase of urban frac-

tion by 10%.
ALE = a2 X AF; + b2. )

2.2.3 Decomposition of contributions of individual
radiation/energy fluxes to change in T,

An energy balance decomposition approach, the DTM
method, was adopted to explore mechanisms controlling
change in 7, induced by LULCC. This method is based
on the surface energy balance, and a change in 7, due to
LULCC can be split into contributions from the individual
terms of the surface energy balance. The surface energy bal-
ance is:

SWoor + LW, =R, = H+ LE + G, 3)
SWnet = SWdown - SWup =(- a)SWdown’ “4)
LWnet = LWdown - LWup = LWdown - O-Ts4’ (5)

where SW,, is the net shortwave radiation (or absorbed
shortwave radiation), LW, , is the net longwave radiation,
R, is the net radiation, H is the sensible heat flux, LE is
the latent heat flux, G is the ground heat flux, SW,,_,,, is
the downward shortwave radiation, SW,, is the upward
shortwave radiation, LW, is the downward shortwave
radiation, LWup is the upward longwave radiation, « is the
surface albedo, and o is the Stefan—-Boltzmann constant
(5.67x 1078 W m™2 K™. Emissivity was set to 1 in the
Eq. 5.

According to Juang et al. (2007), Luyssaert et al. (2014)
and Winckler et al. (2017a), applying the first derivative of
surface energy balance equation, change in 7; due to LULCC

can be expressed as:

AT, = 2ASW,,, + AgASW,,,.. — AAH — A ALE — 4)AG,
6)
1
do = —»
07 4673 O

where A, is the local climate sensitivity according to
Lee et al. (2011). In the right-hand side of Eq. 6, the five
terms are isolated, representing individual contribution
of change in absorbed shortwave radiation with albedo
change (ASW,,,), change in downward longwave radiation

(ALW,,,.), change in sensible heat flux (AH), change in
latent heat flux (ALE), and change in ground heat flux (AG).

3 Results
3.1 Model validation

To validate the performance of the WRF model, the simu-
lation results of Case 2010 were compared with the grid
observations from the CMDC from spatial and temporal
aspects. As shown in Fig. 2, the WRF model reproduced
the spatial variability of 7, fairly well compared with the
grid observations, at annual, summer (June—July—August),
and winter (December—January—February) scales. Specifi-
cally, the WRF model captured the lower T, in northwestern
part of the BTH region with high elevations, and higher 7,
in plain regions. Generally, the T, simulated using WRF was
highly correlated with observations, with a spatial R> higher
than 0.96 (p <0.001) at annual, summer, and winter scales
(Fig. 3a—c). However, the T, simulated using WRF showed
a positive bias compared with the observations, with a bias
of 1.48 °C in annual scale, 1.75 °C in summer, and 1.37 °C
in winter. Moreover, the simulated 7,, captured the temporal
variations (36 months) of observed T, very well, and the
correlations between them were very high, with a R? higher
than 0.99 for the monthly averages (p <0.001) (Fig. 3d).
Overall, the WRF model can reproduce the spatial-temporal
variations of 7, quite well, thus providing confidence in the
model’s capability to accurately capture the climatological
characteristics in the BTH region.

3.2 Effects of urbanizationon T and T,

An increase of 0.10 °C in annual 7, due to urbanization was
found in the BTH region from 1990 to 2010 based on the dif-
ference between the two experiments (Case2010-Case1990).
Urbanization in the BTH region from 1990 to 2010 resulted
in significant spatial and temporal variations in terms of
change in T, (Fig. 4a—c). Specifically, T, increased over 1 °C
in the areas experiencing an intensive urban expansion, such
as surrounding areas of city centers of Beijing, Tianjin, and
Shijiazhuang, while in woodland- or grassland-dominated
areas, the change in 7, was small or negligible. Clear sea-
sonal variations of urbanization effects were also found.
Summer showed a larger temperature increase (0.15 °C)
and a larger spatial domain (> 0.1 °C) than winter, indicat-
ing larger effects of urbanization in summer compared to
those in winter. The change in 7, due to urbanization showed
similar spatiotemporal patterns with that of 7, (Fig. 4d—f),
and the regional average warming magnitude of T, was
slightly higher (about 0.01 °C) than T,,. However, in dramatic
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WRF simulations

Grid observations
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Winter

T I T
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Fig.2 Spatial comparison between the near-surface air temperature (7,) from the WRF simulations (a—c) and the grid observations at the grid

interval of 0.5° (d—f)

urbanizing areas, warming magnitude of 7, was much higher
than 7, as much as 2 °C, even higher than 3 °C in summer.

Strong and significant positive relationships between the
changes in the urban fraction and the changes in AT /AT,
were found (Fig. 5). The linear regression analyses showed
that a change in the urban fraction from 0 to 100% induced
a local warming in the annual 7, of 1.85+0.008 °C
(mean + standard error). In summer, the warming magni-
tude was stronger as high as 2.12+0.012 °C (p <0.001),
while in winter, the warming magnitude was much lower,
with only a 1.40+0.006 °C (p <0.001) increase. In other
words, the sensitivity of local T, effect due to urbanization
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was 0.185, 0.212, and 0.140 °C corresponding with an
increase of urban fraction by 10% at annual, summer, and
winter scales, respectively. In terms of 7, a change in the
urban fraction from O to 100% induced a stronger local
warming than 7, with annual warming of 3.35+0.011 °C,
summer warming of 4.64 +0.021 °C, and winter warming
of 2.20+0.008 °C (p <0.001). In other words, the sen-
sitivity of local T, effect due to urbanization was 0.335,
0.464 and 0.220 °C corresponding with an increase of
urban fraction by 10% at annual, summer, and winter
scales, respectively.
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Fig.3 Spatial and temporal comparisons between the near-surface
air temperature (7,,) from the WRF simulations and the grid observa-
tions at the grid interval of 0.5°. a—c Spatial comparison at the grid

3.3 Effects of urbanization on surface radiation/
energy fluxes

Along with urbanization, albedo and LAI showed a
decrease in the whole year, especially in the areas expe-
riencing intensive urban expansion (Fig. 6). Because of
the decrease in albedo (Fig. 6a—c) and the increase in
T, (Fig. 4d—f) after urbanization, remarkable changes in
shortwave and longwave radiation flux occurred in the
areas experiencing larger increases in the urban fraction,
especially in terms of SW,, and LW,,. SW,, showed a
decreasing trend due to the albedo decline when urban land
encroached surrounding croplands during 1990-2010 (Fig.
S1a), which resulted in more absorbed shortwave radia-
tion on the surface (Fig. 7a). However, the LW, showed
an opposite trend with SW,, (Fig. S1b), with an increase
trend due to higher T, of urban lands than T} of surround-
ing croplands (Fig. 4d—f), especially in summer, which
resulted in a remarkable decrease in LW,,,. Moreover, the
LW, also showed an increase trend due to higher T,
(Fig. 4a—c) induced by urbanization, especially in sum-
mer (Fig. 7b). Taking longwave and shortwave radiations
together, R, showed an annual decrease of 0.13 W m~2,

2010

2011

interval of 0.5° at annual, summer, and winter scales, respectively. d
Temporal comparison at the grid interval of 0.5° in the 36 months of
2009-2011. Significance level “*p <0.001

especially in the areas experiencing rapid urbanization
(Fig. Slc). In summer, the decrease in R, (—0.43 W m~?)
was primarily caused by the increase of upward longwave
radiation, which outweighed the increase of the absorbed
shortwave radiation. However, in winter, R, had a slight
increase (0.07 W m™2).

With paved and waterproofed surfaces owing high heat
storage ability replacing moist soils and plants, urbaniza-
tion in the BTH region has resulted in significant spati-
otemporal variations for the sensible heat flux (H), latent
heat flux (LE), and ground heat flux (Fig. 7). At an annual
scale, LE decreased by 0.85 W m~2 across the BTH region,
while H increased by 0.68 W m~2, and G increased by only
0.05 W m~2. LE showed a significant decrease throughout
the year, especially in summer (- 1.93 W m~2), while the
change in LE was negligible in winter. H showed an oppo-
site trend, especially in summer (1.40 W m‘z). Moreover,
the areas with the most intensive urban expansion experi-
enced the highest absolute magnitude of change in H/LE
(>40 W m™2). G showed a similar increasing trend as H in
summer, but with a much lower magnitude (0.14 W m~?);
however, G showed an opposite slight decreasing trend in
winter.
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Fig.6 Effects of urbanization on albedo (a—c) and leaf area index (LAI) (d—f) at annual, summer, and winter scales

Strong and significant relationships between the changes
in urban fraction and changes in individual surface radia-
tion/energy fluxes were also found (Fig. 8). At annual
scale, LE showed a decreasing trend with an increase of
urban fraction; specifically, a LE decrease of 4.78 W m™
occurred along with a 10% increase in the urban fraction
(»<0.001), which indicated that urbanization significantly
decreased LE. H showed an opposite, significant increas-
ing trend with a decrease of 4.27 W m~2 along with a 10%
increase in urban fraction (p <0.001); that is, urbanization
significantly increased H. Furthermore, SW,,, LW, ., G,
and R, increased or decreased slightly, with absolute chang-
ing rates less than 1 W m~2 (p <0.001) along with a 10%
change in urban fraction, indicating limited influences of
urbanization on these fluxes (Fig. 8 and Fig. S2). Generally,
ALE and AH in summer and winter showed a similar trend
to that of the year, but with a larger magnitude of change in
summer (slope =—105.61 +0.354 and 87.35+0.290 W m~>
for ALE and AH), and a smaller magnitude of change in

winter, indicating a higher sensitivity in summer than winter.
AR, in summer showed a similar trend to that throughout
the year, but a larger magnitude of change (slope =—12.57
+0.183 W m~2), while AR, in winter showed an opposite
trend (Fig. S2). The sensitivity of ASW,,,, ALW,, . or AG
in summer or winter was also much lower than ALE and
AH, less than 1 W m~2 change along with an increase of
10% in urban fraction. Among all these fluxes, the absolute
change magnitude in LE was slightly greater than that in H
and much greater than other fluxes, indicating LE was more
sensitive to the increase in the urban fraction compared to
H and other fluxes.

3.4 Contributions of five individual radiation/
energy fluxes to the changein T

The WRF modelled results in grid cells with an urban frac-

tion increase more than 60% were employed for analyzing
component contribution of five individual radiation/energy
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fluxes to the change in 7,. As shown in Fig. 9, the calcu-
lated AT, (sum of contribution of five individual terms)
by the DTM method agreed with WRF modeled AT, very
well. The calculated AT, was about 0.7 °C lower than the

@ Springer

WRF modelled AT, either in annual scale or summer/winter
scale. At annual scale, ALE contributed more than other four
terms, indicating decrease in latent heat induced by urbani-
zation dominated the biogeophysical warming effect, which
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Fig.9 Decomposition of contributions from five individual terms on
AT, induced by urbanization according to the DTM theory and WRF
modelling results. Black bars denote AT, by WRF modelling, grey
bars denote AT, calculated from the sum of the component contribu-
tions according to the DTM theory, light blue bars denote AT, con-
tributed by ASW,,,, purple bars denote AT, contributed by ALW,,, ..,
red bars denote AT, contributed by AH, green bars denote AT, con-
tributed by ALE, and yellow bars denote AT, contributed by AG

was more evident in the growing peak season of plants in
summer. However, in winter, contribution of change in
absorbed shortwave radiation along with albedo change was
slightly higher than that of change in LE, indicating both the
changes in absorbed shortwave radiation and LE dominated
the warming effect in winter.

4 Discussion

4.1 Comparisons with existing studies in warming
magnitude and seasonal pattern

In this study, we employed the bulk urban model instead
of the urban canopy model (UCM), this setting missed
the geometric features and the urban processes that UCM
would describe more correctly, which may introduce model-
ling bias compared with the actual surface condition in the
urban areas. However, our WRF modelling results showed a
comparable accuracy with the studies of Cao et al. (2016c¢),
Wang et al. (2012), and Wang et al. (2013b) using UCM,
and they all showed modelling positive bias of about 1.5 °C,
which may be related to the intrinsic limitations of WRF
simulation.

The previous virtual sensitivity experiments of Wang
et al. (2012, 2013b) were performed by replacing urban
lands in the BTH region with adjacent land cover types; the
warming magnitude in their studies was consistent with that
in intensive urbanization areas (above 90%) in this study
(Fig. 4). Warming magnitudes in both studies were higher
than 1 °C, even as high as approximately 2 °C in summer.
Moreover, a warming with such a magnitude was also found
in realistic modeling studies by Cao et al. (2016c) and Zhao
et al. (2017) in the BTH region. Stronger warming effects in

summer than winter were also found in these studies, with an
exception of Wang et al. (2013b), which considered anthro-
pogenic heat. However, the larger spatial extent of warming
in summer than winter that was demonstrated in this study
agreed well with the aforementioned studies that involved
seasonal variations.

The magnitude of local annual 7, increase (1.85 °C) with
a change in urban fraction from 0 to 100% was also com-
parable with the observation-based studies (He et al. 2013;
Yang et al. 2013). The study of He et al. (2013) established
a relationship between change rates of the urban fraction and
observational 7, during 1978-2008, and showed a 0.13 °C
increase at annual scale with an increase of 10% in urban
fraction. Yang et al. (2013) evaluated UHI intensity (UHII)
over the Beijing Municipality by using 56 urban stations
inside the 6th Ring Road and eight reference stations,
whose result was quite similar to the result in this study.
Specifically, Yang et al. (2013) found a daily average UHII
of 1.65 °C inside the 4th Ring Road, which was a highly
urbanized region covered with countless buildings and paved
roads. Furthermore, the magnitude of local T increase was
also comparable with remote sensing-based T studies within
our study area (Cao et al. 2016a; Hu et al. 2015; Wang et al.
2017a; Zhao et al. 2017; Zhou et al. 2014). They all showed
an annual T} increase more than 2 °C at the annual scale, and
a strong warming magnitude in summer than winter, even
as much as 5-6 °C.

4.2 Comparisons with existing studies in warming
mechanism

In this study, the absolute change in LE was slightly larger
than that in H and much larger than other fluxes, indicating
LE was the most sensitive flux with the increase in urban
fraction, followed by H, while R, and other fluxes were much
less sensitive to urbanization, which is in line with previ-
ous studies based on observations (Guo et al. 2016; Wang
et al. 2015b) and models (Cao et al. 2016¢; Georgescu et al.
2009; Wang et al. 2012). Urbanization-induced increase of
R, in winter was found in the BTH region, which may be
closely related to more absorbed incoming solar radiation
from the large albedo decrease in winter (Fig. 6¢), as well
as less outgoing longwave radiation due to a lower daytime
LST in urban areas compared to croplands, as reported in
previous studies (Wang et al. 2017a; Zhao et al. 2017; Zhou
et al. 2014).

According to the DTM method, we found that the
decrease in evapotranspiration-induced LE dominated the
biogeophysical warming due to urbanization in the BTH
region, which has a temperate continental monsoon climate
with a hot-wet summer and cold-dry winter. This finding
was consistent with the perception that the evapotranspira-
tion decrease due to vegetation loss is the dominant driver
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of daily surface temperature rise in the study of Wang et al.
(2017b). Specifically, by employing flux observations in
the urban and rural sites of Nanjing, Wang et al. (2017b)
quantified the contribution of land surface factors to AT, by
considering the effects of surface albedo, roughness length,
and evaporation using the IBPM method, and found that
the evaporation decrease was the most important factor that
modified the daily 7, change in the lower reaches of the
Yangtze River valley.

4.3 Nonlocal effect analysis

The nonlocal effects of urbanization on 7,/T, showed a con-
sistent trend with the local effects of urbanization on 7,/7,
both revealing a higher magnitude in summer than in winter
(Fig. 5). This phenomenon was closely related to the strong
air flow and horizontal heat advection in summer, indicating
that the areas without additional urbanization were more
easily influenced by remote areas with an intensive urbaniza-
tion in summer than in winter. It is surprising that nonlocal
effects of urbanization on LE/H at annual and summer scales
were contrary to local effects, showing an increasing trend
for LE and a decreasing trend for H (Fig. 8a, b). However,
nonlocal effects of urbanization on R, at annual and summer
scales followed the same trend with those local effects (Fig.
S2). Higher evapotranspiration rates in areas with abundant
water would usually occur with higher 7, and 7, (Wang and
Dickinson 2012; Wolf et al. 2016) indirectly influenced by
remote urban sprawl areas, which may explain the increase
in the nonlocal effects of LE influenced by local warming
effects of remote urban sprawl areas. Nonlocal R, decrease
was similar to the local effects due to a higher 7, indirectly
influenced by remote areas experiencing urban sprawl. As
a result, nonlocal effects of urbanization on H showed a
decreasing trend. Furthermore, nonlocal effects of urbani-
zation on R,/LE/H in winter were complex (Fig. 8c and Fig.
S2c). Nonlocal R, showed a slight decreasing trend in con-
trast with the local increasing effect, which was caused by
more outward longwave radiation with higher 7, (Fig. 5b)
and stable shortwave radiation with stable albedo. LE
showed a slight decrease due to lower daytime 7, indirectly
influenced by remote urban sprawl regions as discussed in
Sect. 4.2, therefore H also showed a decreasing trend from
the perspective of energy balance. Notably, nonlocal effects
of the linear regression in this study were the average of
the whole BTH region, yet nonlocal effects nearby regions
experiencing intensive urban sprawl tended to be stronger
than ones in regions with smaller urban sprawl (Figs. 4, 7).

4.4 Implications and future research

As indicated in previous studies (Chen and Frauenfeld
2015; Georgescu et al. 2013; Zhou et al. 2004), this study
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also showed that urbanization had strong and considerable
local warming effects (>2 °C in summer), requiring further
attention in the context of increasing heat waves (Meehl and
Tebaldi 2004; Sun et al. 2014; Wang et al. 2016). The sen-
sitivity analysis of urbanization effects on surface skin or
air temperature and radiation/energy fluxes will be of great
help to get a rough estimation of biogeophysical effects
in the future urbanization projections. In the BTH region,
evapotranspiration-induced LE was the most sensitive flux to
urbanization, and the decrease in evapotranspiration played
the most important role in the biogeophysical warming
effects from urbanization, indicating more vegetation (trees/
grass) could reduce this strong warming effect.

The space-for-time substitution method in this study can
not only identify the local biogeophysical effects but also
evaluate the realistic effects, as opposed to the virtual con-
trol experiments in Winckler et al. (2017a). However, this
method is limited to regions experiencing a large variety of
land use change magnitude (0-100%) for carrying the space-
for-time substitution analysis, and non-linear local/nonlocal
effects due to urbanization is ignored, which suggests further
research similar to the non-linear effects of deforestation
denoted in Winckler et al. (2017b). Our experiments were
performed for three continuous years using the WRF model
by adopting the look-up table method, longer time integral
simulation (20-30 years) with multi-mode sets (e.g., CCAM,
CCSM, and ECHAMS) (Lejeune et al. 2017) would facilitate
a more comprehensive understanding. Besides, incorporat-
ing realistic biophysical data (Cao et al. 2017; Vahmani and
Ban-Weiss 2016) representing more accurate seasonal evolu-
tion of vegetation change instead of look-up table approach
in the modelling process would facilitate analyses with lower
uncertainty. In this study, biogeophysical effects induced
by urbanization were investigated at a daily scale, differ-
ent warming effects and mechanisms between daytime and
nighttime (Cao et al. 2016a; McNider et al. 2012; Zhao et al.
2014) would improve our understanding on warming effects
of urbanization, and is worth to be investigated in the near
future. Moreover, the surface air moist enthalpy proposed by
Pielke et al. (2004) could be an optimized metric for assess-
ing surface global warming, which is worthy of more atten-
tion in future studies.

5 Conclusions

In this study, we performed experiments to investigate the
biogeophysical effects of urbanization on 7, and T using the
WRF model in an urbanization hotspot, the Beijing-Tian-
jin-Hebei Region, China. Land surface data were refined
by incorporating the realistic fractional land cover data in
1990 and 2010 as well as localized parameters (i.e., LAI and
albedo). A strong regional warming (0.15 °C) in summer



Evapotranspiration-dominated biogeophysical warming effect of urbanization in the...

was found, while the warming effect was negligible in win-
ter. Sensitivity of local warming magnitude to urbanization
was analyzed using a space-for-time substitution method.
The results showed that with an increase of 10% in urban
fraction, the magnitude of annual local T, (T,) warming was
0.185 °C (0.335 °C) with a decrease of 4.78 W m~ in the
corresponding latent heat flux (LE); the magnitude of local
T, (T,) warming in summer was much stronger with 0.212 °C
(0.464 °C), and with a decrease of 10.56 W m~2 in LE; the
warming magnitude in winter was less stronger. Compared
with other surface energy balance terms, LE was the most
sensitive flux to urbanization. Furthermore, the decrease in
LE (or evapotranspiration) played the most important role in
biogeophysical warming due to urbanization according to a
DTM method, indicating that increasing green space could
reduce this strong warming effect. The proposed space-for-
time substitution method for identifying sensitivity of local
biogeophysical effects of urbanization on 7,/7, and R,/LE/H
is also applicable to other urbanized regions and other land
use activities (e.g., deforestation/afforestation).
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