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Abstract. The Surface Urban Energy and Water Balance Scheme (SUEWS) has recently been introduced to include a bottom-

up approach to modelling carbon dioxide (CO2) emissions and uptake in urban areas. In this study, SUEWS is evaluated against

the eddy covariance (EC) measured turbulent fluxes of sensible heat (QH ), latent heat (QE), and CO2 (FC) at a densely built

neighborhood in Beijing. The model sensitivity to maximum conductance (gmax) and leaf area index (LAI) is examined. Site-

specific gmax is obtained from observations over local vegetation species, and LAI parameters by optimization with remotely5

sensed LAI obtained from a Landsat 7 data product. For the simulation of anthropogenic CO2 components, local traffic and

population data are collected. In the model evaluation, the mismatch between the measurement source area and simulation

domain is also considered.

Using the optimized gmax and LAI, the modelling of heat fluxes is noticeably improved, showing higher correlation with

observations, lower bias, and more realistic seasonal dynamics of QE and QH . The effect of the gmax adjustment is more10

significant than the LAI adjustment. Compared to heat fluxes, the FC module shows lower sensitivity to the choices of gmax

and LAI. This can be explained by the low relative contribution of vegetation to the net FC in the modelled area. SUEWS

successfully reproduces the average diurnal cycle of FC and annual cumulative sums. Depending on the size of the simulation

domain, the modelled annual accumulated FC ranges from 7.4 to 8.7 kg C m−2 yr−1, when compared to 7.5 kg C m−2 yr−1

observed by EC. Traffic is the dominant CO2 source, contributing 59–70% to the annual total CO2 emissions, followed by15

human metabolism (14–18%), building (11–14%), and CO2 release by vegetation and soil respiration (6–10%). Vegetation

photosynthesis offsets only 5–10% of the total CO2 emissions. We highlight the importance of choosing the optimal LAI

parameters and gmax when SUEWS is used to model surface fluxes. The FC module of SUEWS is a promising tool in

quantifying urban CO2 emissions at the local scale, and therefore assisting to mitigate urban CO2 emissions.
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1 Introduction20

Currently, half of the global population resides in urban areas, and this percentage is projected to grow to 68% by the middle

of the 21st century (United Nations Department of Economic and Social Affairs, 2019). Urban expansion has reshaped the

morphological, thermal, and dynamical properties of the land surface (Grimmond and Oke, 2006; Oke, 1995; Zhu et al., 2016).

In addition, intensive human activities in urban areas have caused a large quantity of greenhouse gas emissions (Marcotullio

et al., 2013; Velasco and Roth, 2010). Both factors have influenced urban climate from micro to regional scales (Johansson and25

Emmanuel, 2006; Sarangi et al., 2018; Tan et al., 2010). Climatic and environmental risks due to urbanization are frequently

reported, such as heat waves, flooding, and air pollution (Qian et al., 2022; Watts et al., 2015). In this context, there is a pressing

need to better understand the effects of urbanization on land-atmosphere interaction, preferably in a quantitative way.

Urban land surface models (ULSMs) are widely used to simulate urban-atmosphere interactions, including the exchanges

of energy, water, and CO2, and hydrological processes (Chen et al., 2011; Masson et al., 2013). The results from the First30

International Urban Land Surface Model Comparison Project suggested that the most important processes for urban surface

energy balance were radiative and vegetation processes (e.g., vegetation fraction, seasonal cycle of vegetation phenology) (Best

and Grimmond, 2015; Grimmond et al., 2010; Nordbo et al., 2015). Long-term observations with low vegetation cover (<30%)

were especially needed to evaluate heat flux simulation, as energy distribution was found sensitive in such environments (Best

and Grimmond, 2016).35

The Surface Urban Energy and Water balance Scheme (SUEWS) is one of the widely tested ULSMs (Järvi et al., 2011, 2014;

Ward et al., 2016). SUEWS is designed to run with surface information (e.g., surface cover fractions) and a minimum amount

of model forcing data. In recent years, Supy (SUEWS in Python) was developed to allow Python front-end implementation for

broader and easier applications (Sun and Grimmond, 2019). SUEWS has demonstrated good performance against hydrological

observations and surface flux observations in several cities in Europe, North America, and Asia (Alexander et al., 2016; Ao40

et al., 2018; Havu et al., 2022a; Järvi et al., 2011; Ward et al., 2016). In SUEWS, the seasonal cycle of vegetation phenology

is indicated by leaf area index (LAI). Previous studies made in two UK cities and Shanghai, China have reported that bias

in modelled LAI lead to over- or underestimation in QE or QH (Ao et al., 2018; Ward et al., 2016). They highlighted the

importance of having an appropriate seasonal cycle of LAI in SUEWS. Omidvar et al. (2022) proposed a workflow to derive

LAI-related parameters for SUEWS, but it was intended for fully vegetated areas located mainly on the outskirt of cities. Apart45

from LAI, the maximum conductance (gmax) is also critical in scaling the surface conductance (gs), and therefore the available

energy distribution (Ward et al., 2016). However, the impact of LAI-related parameters and gmax on the modelled turbulent

fluxes has received insufficient attention in urban areas.

Recently, the module of local-scale CO2 flux (FC) was incorporated into SUEWS (Järvi et al., 2019). It was found to give

reasonable annual sum, seasonal and diurnal cycles against observed FC in Helsinki, Finland, suggesting that the bottom-up50

CO2 emission or uptake estimate in SUEWS can be evaluated by observation-based evidence provided by top-down eddy

covariance (EC) measurements. Furthermore, SUEWS shows the potential for broader use, such as quantifying the carbon

sequestration potential of urban vegetation (Havu et al., 2022a), investigating the spatial variability of CO2 emission, quanti-
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fying the contribution of each emission component (Järvi et al., 2019), and therefore assisting urban CO2 emission mitigation.

However, this module has not yet been evaluated in other cities than Helsinki.55

Beijing provides a unique test-bed for SUEWS evaluation and application: a mega-city with a population of over 21 million

and an increasing urbanized area (MHURD, 2018). The older version of SUEWS (V2017b), has been evaluated and applied in

Beijing by Kokkonen et al. (2019), showing good model performance against observed heat �uxes. However, good simulation

of turbulent �ux does not necessarily imply that the sub-models within give accurate estimates, e.g., LAI and radiative com-

ponents. Correct presentation of these processes is necessary for more advanced applications such as the prediction of surface60

exchanges of energy under e.g., future climate scenarios. Besides, the newly-developedF C module has not yet been evaluated

in Beijing.

In this paper, we present a comprehensive evaluation of SUEWS V2020b in simulating surface �uxes of energy and CO2 in

Beijing. The main aims of this study are (1) to evaluate the model performance of SUEWS using different vegetation parameters

(default and site-speci�c) against the turbulent �ux (QE , QH andF C ) measurements, and (2) to estimate the anthropogenic65

and biogenic components' contributions to theF C with the bottom-up modelling approach by SUEWS. Meanwhile, the impact

of the mismatch between the turbulent �ux source area and the modelled area is also examined.

2 Model Description

SUEWS is an urban land surface model that simulates the surface energy and water balances, and CO2 �ux at a local (neighbor-

hood) scale (Järvi et al., 2011, 2019; Ward et al., 2016). In SUEWS, the modelling domain is separated into seven interacting70

surface types (buildings, paved surfaces, grass, evergreen trees/shrub, deciduous trees/shrubs, bare soil, and water body), with

a single soil layer below each type. SUEWS is designed to run with surface information (e.g., surface cover fractions) and a

minimal amount of model forcing data including wind speed (U), relative humidity (RH ), air temperature (Tair ), air pressure

(p), precipitation and incoming solar radiation (K down ). SUEWS has sub-models for LAI and net all-wave radiation, and users

are allowed to modify the parameters of the sub-models based on the information of the modelled domain. In this study, we75

use SUEWS version V2020b (Havu et al., 2022b).

2.1 Leaf area index model

In SUEWS, leaf growth is accumulated whenTair stays above the limit valueTbase;GDD;i consecutively, denoted by growing-

degree-day (GDD). Leaf growth is allowed until GDD reaches the upper boundaryGDD full;i or LAI reaches its maximum

(LAI max;i ). Similarly to the leaf growth period, the leaf off period is impacted byTbase;SDD;i , senescence-degree-day (SDD),80

andSDD full;i or LAI min;i . Leaf fall is controlled byTair or at high latitudes by day length (Järvi et al., 2014). Here, LAI for

vegetation typei at the day of yeard (LAI d;i ) is de�ned as:
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LAI d;i =

8
><

>:

min
�

LAI max;i ;LAI ! 1 ;GDD;i
d� 1;i � GDD d;i � ! 2;GDD;i + LAI d� 1;i

�
; leaf-on;Tbase;GDD;i > T d� 1

max
�

LAI min;i ;LAI ! 1 ;SDD;i
d� 1;i � SDD d;i � ! 2;SDD;i + LAI d� 1;i

�
; leaf-off;Td� 1 < T base;SDD;i ;

(1)

whereLAI max;i andLAI min;i for each vegetation type can be obtained from literature or determined from observations,

! 1=2;GDD=SDD;i represent the growing or senescence rates derived for each study site or use their default values (Järvi et al.,85

2011; Omidvar et al., 2022), andTd� 1 is the previous day air temperature mean.

2.2 Radiation �uxes

K down is a required variable in the meteorological forcing data, whereas other radiation components are estimated within

SUEWS. Outgoing shortwave radiation (K up ) is calculated using a bulk albedo (� ) based on the area fraction for each surface

type. Incoming longwave radiation (L down ) is calculated usingTair andRH to estimate the cloud cover and the clear-sky90

emissivity (Loridan et al., 2011), while outgoing longwave radiation (L up ) is estimated by surface emissivity,� , K down ,

L down andTair (Offerle et al., 2003).

2.3 Turbulent heat �uxes

Latent heat �ux (QE , W m� 2) is calculated using the modi�ed Penman-Monteith equation for each surface type:

QE =
s(QN + QF � � Qs) + �c pV PD=rav

s+ 
 (1 + r s=rav )
; (2)95

whereQN (W m� 2) is the net all-wave radiation,QF (W m� 2) the anthropogenic heat �ux,� QS (W m� 2) the net storage

heat �ux, � (kg m� 3) the air density,cp (J kg� 1 K � 1) the speci�c heat capacity of air at constant pressure,V P D (Pa) the

vapour pressure de�cit,s (Pa� C� 1) the slope of the saturation vapour pressure curve,
 (Pa� C� 1) the psychrometric constant,

r av (s mm� 1) the aerodynamic resistance for water vapour, andr s (s mm� 1) the surface resistance.r s, or its inverse surface

conductancegs (mm s� 1), has the form:100

gs =
1
r s

=
X

i

(gmax;i
LAI i

LAI max;i
f r i )G1g(K down )g(� q)g(Tair )g(� � ); (3)

wheregmax;i is the maximum conductance of vegetation typei , f r i is the surface fraction ofi , G1 is a constant connecting

stomatal conductance to canopy conductance,g(K down ), g(� q), g(Tair ), andg(� � ) are environmental response functions on

K down , speci�c humidity de�cit (� q), air temperature (Tair ), and soil moisture de�cit (� � ), respectively. The functions have

the forms (Ward et al., 2016):105

g(K down ) =
K down =(G2 + K down )

K down;max =(G2 + K down;max )
; (4)

g(� q) = G3 + (1 � G3)G� q
4 ; (5)
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g(Tair ) =
(Tair � TL )(TH � Tair )TC

(G5 � TL )(TH � G5)TC
; (6)110

where

TC =
(TH � G5)
(G5 � TL )

; (7)

and

g(� � ) =
1� exp(G6(� � � � � W P ))

1 � exp(� G6� � W P )
: (8)

Coef�cients G2 � G6 determine the shape of the curves describing responses of stomatal conductance to each environmental115

variable.K down;max (W m� 2) is the maximum incoming solar radiation,TL andTH (� C) are the lower and upper limits for

temperature at which photosynthesis and transpiration are off, and� � W P (mm) is wilting point de�cit. K down (W m� 2) is

model input,� q (g kg� 1) is calculated from model inputRH , Tair (� C) is either model input or simulated at 2 m height, and

� � (mm) is simulated within SUEWS (Järvi et al., 2017).QH is determined as the residual from the surface energy balance

equation:120

QH = QN + QF � � QS � QE : (9)

2.4 CO2 �ux

TheFC module adopts a bottom-up approach to determine the local-scaleFC (� mol m� 2 s� 1), accounting for both anthro-

pogenic (FC;ant ) and biogenic (FC;bio ) components (Järvi et al., 2019):

FC = FC;ant + FC;bio = ( FM + FV + FB + FP ) + ( Fpho + Fres ) : (10)125

In the Eq. 10,FM are the CO2 emissions from human metabolism,FV the emissions from traf�c,FB the emissions from

buildings (e.g., combustion of natural gas, coal, and wood),FP the emissions from local-scale point sources,Fpho the CO2

uptake by photosynthesis, andFres the CO2 release by soil and vegetation respiration. Positive values indicate CO2 emissions

and negative values indicate CO2 uptake with respect to the atmosphere.Fpho has a negative sign while the rest of theFC

components have a positive sign.130

FC;ant relates to the energy balance throughQF . FM and FV are estimated with an inventory approach, i.e., based on

population density or traf�c rate, and their emission factors (EFs). Hourly CO2 emissions from human metabolism on weekdays

or weekends (FM;h;d , � mol m� 2 s� 1) are calculated using:

FM;h;d = ph;d � PPh;d � APh;d � CM ; (11)

whereph;d is the daily average population density (cap ha� 1), PPh;d the population diurnal pro�le by hour,APh;d the activity135

level diurnal pro�le by hour, andCM the CO2 release per person (� mol CO2 s� 1 cap� 1). Theph;d andPPh;d reconstruct the
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diurnal population density cycle.APh;d scales theCM to vary between the nighttime minimum and daytime maximum values

(CM (min;max ) ) to indicate the diurnal cycle of per capita human metabolic intensity.

Hourly traf�c CO2 emissions (FV;h;d ) on weekdays or weekends are calculated from

FV;h;d = Trd � Ec;d � HT;d ; (12)140

whereT rd is the mean daily traf�c rate within the study area (veh day� 1 area� 1), HT;d the diurnal traf�c pro�les, andEc;d

the traf�c the EFs for CO2 (kg km� 1 veh� 1).

Hourly building CO2 emissions (FB;h;d ) on weekdays or weekends are calculated from

FB;h;d = [ f r heat � QF;heat + fr nonheat � QF;base � f r QF;base;BEU;d ] � ECO 2perJ ; (13)

wherefr heat is the fraction of fossil fuels used for heating,QF;heat the building heat emission at local scale estimated from the145

heating-degree-day model (Järvi et al., 2011),f r nonheat the fraction of fossil fuels used for energy other than heating (e.g. the

use of gas stove for cooking),QF;base the non-temperature related anthropogenic heat �ux (W m� 2) including heat emissions

from traf�c, human metabolism, and electricity usage,f r QF;base;BEU;d the fraction of theQF;base coming from building

energy use on weekdays or weekends, andECO 2perJ the EF for fuels in building energy use (� mol CO2 J� 1). Emissions from

single-point sources such as power plants and industrial activities can be included as model inputs.150

Fpho relates to the energy balance through LAI and the environmental responses of surface conductance (Eq. 3).Fpho is

calculated using

Fpho =
X

i

(f r i Fpho;max;i LAI i )g(Tair )g(� q)g(� � )g(K down ); (14)

whereFpho;max;i is the maximum photosynthetic rate for vegetation typei .

Soil and vegetation respirationFres (� mol m� 2 s� 1) follows an exponential dependency onTair :155

Fres =
X

i

f r i max(ai � exp(Tair bi );0:6); (15)

whereai andbi are the parameters controlling the temperature dependency, and 0.6� mol m� 2 s� 1 is the minimum respiration

in winter time.

3 Study site and measurements

The model domain is a 1 km circle around the 325 m meteorological tower constructed by Institute of Atmospheric Physics,160

Chinese Academy of Sciences (IAP tower, 39� 58' N, 116� 22' E, 60 m above sea level) located in the 6th Ring area of Beijing,

China (Fig. 1 a–d). An EC setup at the height of 47 m on IAP tower continuously measures the surface �uxes ofQE , QH

andF C using a 3-dimensional sonic anemometer (Windmaster, Gill, UK) and an open-path infrared gas analyzer (LI-7500A,

LI-COR, USA). In addition, all four radiation components are measured at the height of 140 m using a net radiometer (CNR1,
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Kipp & Zonen, Netherlands). These measurements are used to evaluate SUEWS model performance. The 1 km radius circle165

around IAP tower roughly covers 80% accumulated �ux footprint area (Liu et al., 2012). This area is mainly covered by

impervious surfaces (Fig. 1 b). Three patches of urban green spaces are situated to the east, south, and west to IAP tower, while

the other vegetation is scarcely located along the roads and near the buildings. Most of the impervious surfaces in the source

area are residential buildings (Fig. 1 d). A more detailed description of the surroundings and the used instruments can be found

in the previous publications by Cheng et al. (2018), Liu et al. (2012), and Liu et al. (2021).170
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