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Introduction
large size of roughness elements        RSL↑        ISL↓

(T.R. Oke, 1987)



• The uncertainty of the applicability of the Monin-
Obukhov theory in urban areas.

– Greater inhomogeneity in surface roughness

– Spatially-inhomogeneous sensible heat flux and 
anthropogenic heat production

• An appropriate scaling is necessary for the multi-
layer observation in urban boundary layer

– MOST extended to local similarity theory

– similarity is defined at a specific height rather than the 
entire inertial sublayer

Introduction



• Inter city variance in urban morphologh and 
turbulence structure (following are the recent 
researches)

– London 190m tower(wood et al., 2010) 

– Helsinki, Finland(Nordb et al., 2013)

– Lodz, Poland(Fortuniak et al., 2013)

– Shanghai, Beijing(Xiangyu Ao et al., 2016)

Introduction



Introduction

• CO2 accounts for 0.04% of the atmosphere, but plays 
an important role in surface-atmosphere energy 
exchange.
– Photosynthesis process

– Greenhouse gases

• Urban areas cover only about 2% of the earth, but 
emit 30%-40% of anthropogenic greenhouse gases.
– Biological processes

– Anthropogenic emission(mineral fuel combustion, car 
traffic or domestic heating), significant source of CO2



Introduction

• Inventory approach for estimating CO2 emission 
based on fossil fuel consumption statistics: 

– lack of spatial scales and temporal detail

– neglect the impact of land use alteration

• The eddy covariance (EC) technique make it possible 
to measure surface-atmosphere exchange of CO2:

– directly, continuously

– allow analysis on diurnal, monthly , seasonal, and annual 
time-scale



Introduction

• Special challenges in direct flux measurements in 
urban environment:

– a wide range of land covers and land uses

– high spatial variability of roughness elements (the size, 
shape and separation of buildings, roads and vegetation)

• The impact of roughness elements on urban wind 
fields:

– implication for the setting of instruments

– above 2 ZH within ISL to make representative fluxes of the 
local scale



Introduction

• Comparison of fluxes at different heights(47,140,280m 
in Beijing 325m tower)

– Footprint (land-use/land-cover)

– Total vehicle Population

– Population

• 280m is usually thought to be above the inertial 
sublayer

– The latent heat and CO2 flux at 280m

– Different footprint model in urban mixing layer compared to 
inertial sublayer



Urban Flux net 



Objective

1. Validate the local similarity theory in urban boundary layer, 
espically at 280m 

2. Comparison of the intergral turbulence characteristics at 
47,140 and 280m

3. Quantify the magnitude of Fc in Beijing

4. Examine temporal Fc patterns on diurnal, seasonal, and 
annual time scales

5. Evaluate the effects of emission reduction strategies on Fc
during the 2008 Olympic Games

6. Estimate the total net CO2 exchange in the urban area

7. Comparison of latent heat and CO2 fluxes at different heights 
on diurnal, seasonal and inter annual time sacles



Site description

• The Beijing city

– among the most developed cities in China

– total population: > 22 million 

– population density: ~1,309.4 people per km2

– the number of registered vehicles: > 4 million

• The site

– site location: 39°58’ N, 116°22’ E

– 60m asl.

– 47, 140 and 280m at Beijing 325-m meteorological tower

– eddy covariance data coverage at 47m :2006-2012 ,at 140 
and 280m :2008-2012





Site description

Location of the tower



Site description
Satellite photograph from Google Map



Method

• Half-hour CO2 flux calculation using the raw data 
at the height of 47m according to EC method: 

• Processing steps:

– spike detection and rejection

– coordinates rotation, planar fit

– calculate 30min fluxes

– corrections to the original fluxes, such as high 
frequency losses , WPL corrections et al.

– quality control (steady state test, integral turbulence 
characteristic test)
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 The fitting function for wind components, temperature 
and other scalars: 

σu,v,w/u*=A(1+B|ζ|)C

σT/T*=B|ζ|C

σX/X*=A(1+B|ζ|)C (x denotes CO2 or q)

 The parameter C is often assumed to be equal to 1/3 for 
wind components and -1/3 for scalars in unstable 
situations. And the fixed ±1/3 value and free fit are 
both tested in stable situations for wind components and 
temperature. 

Method



Method

Turbulent transfer coefficients, a measure of the 
efficiency of turbulent transfer, are defined as

(e.g. Roth 1993):
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ruw, rwT, rwq and rwc are the 
correlation coefficients for 
momentum, heat, water vapor and 
carbon dioxide transfer.  

The overbar is a time-mean value, 
and the prime denotes the 
instantaneous deviation from the 
time-mean value, and u*, T*, q* and 
T* are the local scales.



Meteorological Conditions



Results

Monthly average precipitation from 2006 to 2009



Results

Wind Rose, all available data points from 2006 to 2009

Prevailing winds was 
NW and SE winds.

The southwest sector 
experienced low wind 
speeds due to the tall 
buildings in this direction.



Results
Wind frequency distribution (10°intervals) classified according to 
Stability classes at 47, 140 and 280m

 Prevailing winds are NW and SE at 47m , NW and SW at 140 and 280m, 
respectively  

 Due to the anthropogenic heat  and stored heat released at night, 
unstable and near-neutral stratification accounts for mostly conditions.



Results

Frequency histogram of atmospheric stability categorized 
by the time of day.

The urban boundary 
layer is not always 
stable at night due to 
anthropogenic heat 
emissions, releases of 
storage heat to the 
boundary layer

Transition period was 
defined by two hours 
centered on 
sunrise/sunset

ζ > 0.2ζ < -0.05 -0.05< ζ< 0.2 

Neutral or 
weakly stable



Results

Footprint analysis (Korman and Mexiner, 2001)

The distance of the 90% 
footprint is approximately 
2.0 km around the tower.

The percentage of 
vegetated area within a 
radius of 2.0 km around 
the tower, as derived 
from satellite 
photographs via color 
filtering techniques, is 
approximately 15%.



Results
The distance of 90% Footprint analysis at 47, 140 and 280m (Korman 
and Mexiner, 2001)

 The distance of the 90% 
footprint at 47, 140 and 280m 
is approximately 2.0 km, 
6.0km and 9.0km around the 
tower, respectively.

 From a larger footprint area a 
well-mixed signal with ferer
contributions of single nearby 
soures can be assumed. A 
larger footprint area may damp 
the impact of the strong nearby 
traffic source and lead to a 
better mixed CO2.



Results

NE SE SW NW

Percentage 

of Vegetation 10.7% 18.2% 12.9% 18.6%

the aerodynamic roughness length (z0) and zero-plane 
displacement height (d) (Li et al., 2003):

Vegetation fractions:

NE SE SW NW

Z0 (m) 2.5 3.0 5.3 2.8

d (m) 12.3 15.0 26.4 13.2



Results

Local Climate Zones (Stewart, 2009)

NE/SE: Compact midrise

SW: Compact highrise

NW: Close-set trees



Integral Turbulence Statistics



Results
Normalized standard deviations for wind components at Beijing 47m as a function 
of local stability parameter (ζ) for unstable (left) and stable (right) situations

Results show the typical 
scaling with a power law 
with the exponent 1/3 in 
the free convection 
situation and approach to 
a constant value close to 
neutral stratification.
In stable situation the 
constant value remains 
the same then increases.



Results
Normalized standard deviations for wind components at Beijing 140m as a function 
of local stability parameter (ζ) for unstable (left) and stable (right) situations

The differences of 
fitting coefficients 
among cities are mainly 
due to different 
observation heights and 
urban topographies.  

Of the three wind 
components, σw/u* is 
described best with a 
stability-dependent 
curve for unstable and 
stable stratification. 



Results
Normalized standard deviations for wind components at Beijing 280m as a function 
of local stability parameter (ζ) for unstable (left) and stable (right) situations

The comparison of fit 
coefficients at different 
heights show in both 
unstable and stable 
situations the normalized 
standard deviations of 
wind components 
decrease with height.



47-u 140-u 280-u 47-v 140-v 280-v 47-w 140-w 280-w

unstable 0.43 0.39 0.22 0.57 0.42 0.28 0.80 0.74 0.49

stable 0.35 0.41 0.27 0.50 0.45 0.38 0.46 0.41 0.43

Results
The R-square parameter for wind components in both unstable and stable 
situations at the P<0.05 level

 The local similarity theory applies at 280m which is in the 
urban mixing layer.

 The R-square at 280m is smaller than the other 2 levels 
which shows at higher level the turbulence is also affected 
by advection and other large-scale processes.



σu/u*（ζ<0） σv/u*（ζ<0） σw/u*（ζ<0） σu/u*（ζ>0） σv/u*（ζ>0） σw/u*（ζ>0）

Beijing (47m) 2.12(1-1.01ζ)1/3 1.62(1-3.20ζ)1/3 1.17(1-4.05ζ)1/3 2.14(1+3.79ζ)1/3 1.60(1+5.53ζ)1/3 1.25(1+2.64ζ)1/3

- - - 2.16(1+3.05ζ)0.36 1.63(1+4.44ζ)0.36 1.27(1+1.77ζ)0.39

Beijing (140m) 2.14(1-3.79ζ)1/3 2.14(1-3.79ζ)1/3 2.14(1-3.79ζ)1/3 2.52(1+0.88ζ)1/3 1.76(1+1.38ζ)1/3 1.24(1+0.64ζ)1/3

- - - 2.56(1+0.61ζ)0.39 1.78(1+1.20ζ)0.35 1.24(1+0.63ζ)0.34

Beijing (280m) 2.41(1-0.28ζ)1/3 1.71(1-0.48ζ)1/3 1.32(1-0.61ζ)1/3 2.51(1+0.37ζ)1/3 1.67(1+0.99ζ)1/3 1.32(1+0.38ζ)1/3

- - - 2.51(1+0.36ζ)0.33 1.69 (1+0.88ζ)0.34 1.31(1+0.31ζ)0.29

Wood et al. (2010) 2.23(1-0.22ζ)1/3 1.78(1-0.57ζ)1/3 1.31(1-0.65ζ)1/3 2.36(1+1.15ζ)1/3 1.92(1+1.33ζ)1/3 1.40(1+0.46ζ)1/3

Fortuniak et al. 

(2013)

2.31(1-1.15ζ)1/3 1.61(1-4.65ζ)1/3 1.10(1-1.36ζ)1/3 2.15(1+1.50ζ)1/3 1.57(1+2.48ζ)1/3 1.20(1+0.56ζ)1/3

—Lipowa 2.23(1-0.49ζ)0.43 1.60(1-5.15ζ)0.32 1.11(1-0.61ζ)0.54 2.17(1+0.75ζ)0.52 1.59(1+1.40ζ)0.46 1.19 (1+1.76ζ)0.16

—Narutowicza 2.18(1-1.62ζ)1/3 1.79(1-3.75)1/3 1.20(1-1.15ζ)1/3 2.19(1+1.03ζ)1/3 1.72(1+1.88ζ)1/3 1.29(1+0.45ζ)1/3

2.21(1-0.94ζ)0.43 1.74(1-6.18ζ)0.28 1.21(1-0.88ζ)0.43 2.36(1+1.15ζ)0.43 2.36(1+1.15ζ)0.39 2.36(1+1.15ζ)0.37

Al-Jiboori (2002) 1.75(1-1.80ζ)1/3 1.60(1-2.10ζ)1/3 1.22(1-1.05ζ)1/3 1.76(1+2.39ζ)1/3 1.60(1+1.96ζ)1/3 1.22(1+1.05ζ)1/3

Quan and Hu (2009) 2.03(1-0.50ζ)1/3 1.70(1-1.05ζ)1/3 1.33(1-1.20ζ)1/3 1.96(1+2.07ζ)1/3 1.80(1+1.78ζ)1/3 1.42(1+0.54ζ)1/3

Roth (2000) 1.98(1-0.33ζ)0.56 1.64(1-2.84ζ)0.30 1.12(1-2.48ζ)0.33 - - -

Results
Fitted relationship for normalized standard deviations of wind components at 
Beijing 325m tower on the stability parameter for unstable and stable situations



Results
Normalized standard deviations for scalars at Beijing 47m as a function of local 
stability parameter (ζ) for unstable (left) and stable (right) situations

The normalized standard 
deviation of temperature 
fits the -1/3 power law in 
the free convective limit.

The normalized standard 
deviation of CO2 and q 
exhibit scaling similar to 
wind components in 
unstable situation , and 
remain constant in the 
stable domain.



Results
Normalized standard deviations for scalars at Beijing 140m as a function of local 
stability parameter (ζ) for unstable (left) and stable (right) situations

Besides the different 
observation heights and 
urban 
topographies ,another 
reason for the differences 
of fitting coefficients 
among cities could be a 
non-stationarity in the 
carbon dioxide and water 
vapor emissions.



Results
Normalized standard deviations for scalars at Beijing 280m as a function of local 
stability parameter (ζ) for unstable (left) and stable (right) situations

For scalars, the 
normalized standard 
deviations increase with 
height. 

The applicability of local 
similarity theory for 
carbon dioxide and 
water vapor are weaker 
than wind components 
and temperature.



Results
The R-square parameter for scalars in both unstable situation at the P<0.05 level

47-T 140-T 280-T 47-c 140-c 280-c 47-q 140-q 280-q

unstable 0.55 0.47 0.47 0.14 0.07 0.12 0.05 0.04 0.04

stable 0.27 0.48 0.44 - - - - - -

R-squares for CO2 and q are much smaller than 
for wind components and temperature.



-σT/T*(ζ<0) -σCO2/CO2* (ζ<0) -σq/q* (ζ<0) σT/T*(ζ>0) σCO2/CO2* (ζ>0) σq/q* (ζ>0)

Beijing (47m） 1.24(-ζ)-1/3 4.88(1-9.9ζ)-1/3 4.19(1-11.2ζ)-1/3 1.61(ζ)-1/3 -4.45 -3.85

- - - 2.02(ζ)-0.26 - -

Beijing (140m) 2.43(-ζ)-1/3 3.66(1-2.47ζ)-1/3 6.15(1-3.34ζ)-1/3 4.07(ζ)-1/3 -5.26 -4.37

- - - 3.29(ζ)-0.44 - -

Beijing (280m) 3.71(-ζ)-1/3 7.49(1-4.70ζ)-1/3 9.05(1-2.18ζ)-1/3 4.89(ζ)-1/3 -5.30 -4.50

- - - 4.44(ζ)-0.42 - -

Wood et al. (2010) 1.40(-ζ)-1/3 - - 3.41(ζ)-0.18 - -

Quan and Hu (2009) 1.50(-ζ)-1/3 1.07(1-2.71ζ)-1/3 2.2(1-1.52ζ)-1/3 3.0(ζ)-1/3 - -

Fortuniak et al. (2013) 1.60(-ζ)-1/3 3.6(1-5.5ζ)-1/3 9.0(1-55.0ζ)-1/3 4.18+ζ-0.69 -6.2 -3.7

1.61(-ζ)-1/3 - 7.2(1-31.1ζ)-1/3 3.60+0.13ζ-0.74 -9.2 -

Results
Fitted relationship for normalized standard deviations of scalars at Beijing 325m 
tower on the stability parameter for unstable and stable situations



Results
Transport coefficients of heat(a-b), ratios of 
correlation coefficients of heat to u(c-d), water 
vapor(e-f) and CO2(g-h)  in unstable(left) and 
stable(right) situations at 47,140 and 280m

If MOST applies,  the ratios should be unity, which 
implies heat and gases are transported by the same 
turbulence mechanisms.

Ratios of correlation coefficients of T to u, q and CO2

decrease with height. 

Two possible reasons for the dissimilarity in scalar 
transport in urban boundary layer:
 Temperature is an active scalar but CO2 and q are 

not
 Surface heterogeneity effict. (i.e., the sources and 

sinks for scalars are different)



Energy fluxes



Results

Time series of Radiation

Missing radiation data 
are filled by NARP 
model

(L. Järvi, 2012)



Results

Diurnal course of radiation

(L. Järvi, 2012)



Results

Diurnal course of sensible heat flux



Results

Diurnal course of latent heat flux



CO2 flux



Results

Average diurnal course of mean Fc for the months based on 
the 30min data during the study period

The diurnal variations 
of Fc are characterized 
by a clear pattern, 
with two peak 
emissions during the 
daytime and lower 
emissions during 
nighttime in almost 
all months.

The daytime CO2 flux 
is partly moderated 
by urban vegetation 
in the warm seasons.



Results

Average diurnal pattern of Fc for all days, weekdays and 
weekends in DJF (a), MAM (b), JJA (c) and SON (d)

The two peaks in the 
morning and the evening 
correspond to the highest 
traffic volumes of the day.

The peaks of Fc in the diurnal 
course were significant 
higher in the cold season 
primarily caused by the high 
anthropogenic CO2 from 
fossil fuel combustion for 
domestic heating.



Results

Average diurnal pattern of Fc for all days, weekdays and 
weekends from July 20 to September 20, 2008

The magnitude of Fc during 
the Games was much lower 
than at other times. The two 
peaks of Fc in the diurnal 
course were also not evident.

Fc values during the daytime 
on weekends usually 
exceeded those recorded on 
weekdays.



Results
Comparison of Frequency distribution of Fc Between 
Olympic Games and the same periods in other years

Low Fc values were more frequently observed during the 
Olympic Games.



Results
Wind direction frequency, mean Fc by wind direction during daytime 
(06:00 am - 10:00 pm) and nighttime (10:00 pm – 06:00 am) calculated at 
10° intervals.

In winter, the highest 
Fc values were not 
consistent with the 
dominant wind, but 
corresponded to the 
intersection of two 
busy roads.

In summer, the 
measured Fc values 
in the west were 
much lower due to 
CO2 uptake by 
vegetation in the 
park.



Results

Monthly average Fc calculated from non-gap-filled dataset 
and monthly average air temperature (Ta)

The average 
monthly Fc was 
found to be always 
positive regardless 
of the month.

The positive Fc values in the summer suggest that the vegetative sinks were not 
sufficient to offset the local sources of CO2 release to the atmosphere.



Results

The relationship between monthly average Fc
and air temperature (Ta)

A negative 
correlation 
between average 
monthly Fc and 
average monthly 
air temperature.

Open circle: 2008
Solid circle: 2006, 2007, 2008



Results

Gap raw dataa remove spikeb AGCc QCd

Percentage 13.2% 3.1% 6.9% 6.1%

Data gap Statistic

a Raw data gaps originate from power failure, instrument calibration or sensor 

malfunciton.

b Out-of-range records are screened, and spikes are detected using the strategy 

proposed by Vickers&Mahrt, 1997.

c Low-quality data caused by precipitation, dust, or other contamination on the 

sensor optics, which were indicated by the active gain control (AGC) values of the 

Li-7500

d Data quality was assessed using the steady state test and integral turbulence 

characteristic test suggested by Foken et al., 2004.



Results

• Gap filling methods

 Linear interpolation, < =2 hour

Mean diurnal variation (MDV), <= 2 day

Multiple imputation (MI), larger gaps

• Total annual CO2 exchange

 4 year averaged: 4.90 kg C m-2 a-1

Year 2006 2007 2008 2009

CO2 (kg C m-2 a-1) 4.77 4.80 4.61 5.40



Results
Comparison of net annual Fc at urban sites around the world

City Period Reference
Annual Total
(kg C m-2 a-1)

Melbourne, Australia Feb 2004 - Jun 2005 Coutts et al. (2007) 2.32

Mexico City, Mexico Mar 2006 Velasco et al. (2009) 3.49

Essen, Germany Sep 2006 - Oct 2007 Kordowski and Kuttler (2010) 1.64

London, UK Oct 2006 - May 2008 Helfter et al. (2011) 9.67

Montreal, Canada Nov 2007 - Oct 2009 Bergeron and Strachan (2011) 5.45

Łódź, Poland Jul 2006 - Aug 2008 Pawlak et al. (2011) 2.95

Beijing, China Jan 2004- Dec 2009 this study 4.90



Comparison of fluxes at different 

heights 



Results
The time series of Sensible heat flux, latent heat flux and carbon 
dioxide flux at 30min interval



Results
Seasonal boxplots of sensible heat and latent heat flux of 30min data

 The max of Sensible 

heat flux is in spring. 

Latent heat flux gets to 

its max in summer and 

min in winter 

respectively.

 The sensible heat and 

latent heat flux decrease 

with height except 

sensible heat flux in 

summer.



Results
Seasonal boxplots of carbon dioxide flux of 30min data

 CO2 flux is lowest at 

280m and highest at 

140m.

 at 47 and 140m, CO2

flux is always above 0 .It 

means in city the 

photosynthesis activity 

can not offset the CO2

emissions by traffic, 

industry, human activity 

and so on.

 at 280m, CO2 flux is sometimes below 0 .It maybe caused by the large footprint area 

which contains higher vegetation fraction.

 The additional extent of the footprint area damp the impact of the strong nearby traffic 

source and leads to a better mixed CO2 input.



Results
Average diurnal pattern of sensible heat flux in 
spring(MAM,a),summer(JJA,b),autumn(SON,c) and winter(DJF,d)



Results
Average diurnal pattern of latent heat flux in 
spring(MAM,a),summer(JJA,b),autumn(SON,c) and winter(DJF,d)



Results
Average diurnal pattern of CO2 flux in 
spring(MAM,a),summer(JJA,b),autumn(SON,c) and winter(DJF,d)

 As the result of  the shallow 

surface layer and  a larger 

entrainment flux, the CO2

flux on 280m is lower than 

47 and 140m until about 

1200 in spring, summer and 

autumn.It means in the 

morning 280m is out of the 

constant-flux layer .

 From 1200 to 1800, the flux 

on 280m has comparable 

values as the 47 and 140m 

flux.    



Conclusion

1. Diurnal time courses of CO2 flux largely depend on automobile traffic. 
The traffic restriction scheme during the 2008 Olympic Games effectively 
reduced CO2 flux.

2. The consistently positive CO2 flux throughout the year indicates that the 
analyzed urban surface is a net source of CO2 to the atmosphere. 

3. Spatial variation patterns of CO2 flux are mainly determined by the 
prevailing surface cover within the flux source area. 

4. The integrated annual net CO2 exchange over the 4-year period 
calculated from a gap-filled Fc dataset is 4.90 kg C m-2 a-1.

5. The local similarity theroy is applicable for urban boundary layer.

6. The normalized standard deviation of wind components decrease with 
height.

7. The normalized standard deviation of scalars increase with height



Future works

1. Surface energy balance

2. Comparison of fluxes at different heights (Beijing 
325m meteorological Tower, 47m, 140m, 280m)
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