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Air pollution plagues public health in many areas around
the world. Once emitted, the concentrations of ambient air
pollutants are determined by a combination of chemical
and dispersion processes in the atmospheric boundary layer.
The thermodynamic and dynamic state of the atmospheric
boundary layer influence these processes in different ways,
thereby playing an important role in modulating the ambient
air quality. Better understanding of boundary-layer meteorology is warranted for us to reduce air pollution around
the world. This special issue includes selected articles that
report recent investigations/advances in Boundary-Layer/Air
Pollution Meteorology through observational and numerical
approaches.
Land-surface processes dictate the evolution of the atmospheric boundary layer by providing forcing from the lower
boundary. A double-deck surface air layer model was proposed recently to estimate the evaporation from a running
water surface. This model is evaluated/validated in the paper
by S. Liu et al. using the field observations conducted over
irrigation canals in Heihe River Basin in Northwestern China.
The Community Land Model (CLM) is one of the most
widely used models for the description of land-surface
processes. The calculation of the hydraulic properties of
frozen soil in CLM was recently improved to alleviate the
soil dry bias. As shown by X. Fang et al., the updated landsurface model results only in a slightly more realistic climate
prediction.

Advanced techniques such as Lidar are often used to
monitor the atmospheric boundary layer. Lidar backscatter
signals were processed by R. Dang et al. to diagnose the
depth of the atmospheric boundary layer, thus monitoring its
temporal evolution and its correlation to thermal parameters
over a semiarid region in China.
Routine monitoring of near-surface pollutants has been
started in China since around 2000. L. Huang et al. analyzed
air quality data together with meteorological data in order to
investigate the air quality trend in the Anhui province.
Advanced numerical models were developed to simulate
boundary-layer meteorology. A nonhydrostatic atmospheric
model using the multimoment constrained finite volume
scheme was developed by X. Li et al., which was shown to
provide better simulations of atmospheric flows over complex
terrains. Such numerical techniques can potentially be used
to improve air quality simulation over complex mountainous
terrain.
Numerical simulations permit investigating the interrelation between boundary-layer processes and air pollution
events. X. Wei et al. examined the formation mechanism of
photochemical smog associated with the passage of Typhoon
Haitang using a mesoscale meteorological model and the
Community Multiscale Air Quality (CMAQ) model. They
could identify three meteorological factors which were contributing to the photochemical smog.
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Planetary boundary-layer (PBL) parameterizations are
critical to air quality modeling. It is not well quantified how
air quality simulations are constrained by PBL parameterization schemes under the heavy haze polluted boundary-layer
conditions. T. Li et al. present a comprehensive evaluation
study to address the importance of PBL parameterization
schemes in WRF/Chem predictions of particles with diameters less than 2.5 microns (PM2.5 ) during February 2014 over
the most polluted regions in China where PM2.5 concentrations higher than 500 𝜇g⋅m−3 were observed.
Regional transport and local emissions are the two major
sources modulating regional air quality. Accurate quantification of air pollutant sources may provide scientific evidence
for the development of effective emission control measures. J.
Mai et al. performed a series of numerical sensitivity studies
to determine the contributions of regional transport and local
sources to PM2.5 concentrations in Zhongshan, one of the
major cities in the Pearl River Delta region. The authors point
out that the relative contributions of pollution sources are
highly associated with synoptic weather patterns.
Meteorological services can provide timely information
to inform the public on the temporal and spatial distribution
of pollutants. In the past decade, such meteorological services
in China were rapidly growing to help mitigate the damage of
meteorological and air quality hazards, which have increasingly become sources of concern in China in recent years.
Z. Kang et al. review the current status of environmental
meteorological services provided by the China Meteorological Administration, which include monitoring, forecasting,
and early warning of hazardous events such as fog, haze, and
dust.
The compiled papers provide timely research results
to the readers, thereby gauging the recent advances in
Boundary-Layer/Air Pollution Meteorology in China where air
quality has become an environmental concern.
Xiao-Ming Hu
Jianping Huang
Jose D. Fuentes
Renate Forkel
Ning Zhang
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In this study, three schemes [Yonsei University (YSU), Mellor-Yamada-Janjic (MYJ), and Bougeault-Lacarrère (Boulac)] were
employed in the Weather Research and Forecasting/Chemistry (WRF-Chem) model to simulate the severe haze that occurred in
February 2014 in the Jing-Jin-Ji region and its surroundings. The PM2.5 concentration simulated using the three schemes, together
with the meteorological factors closely related to PM2.5 (wind speed, local vertical diffusivity, and PBL height), was evaluated
through comparison with observations. The results indicated that the eastern plain cities produced better simulation results than
the western cities, and the cities under the eastern root of Taihang Mountain produced the worst results in simulating high PM2.5
concentration in haze. All three schemes simulated very similar variation trends of the surface PM2.5 concentration compared with
observations. The diurnal variations of simulated surface PM2.5 were not as reasonable as their reflection of daily averaged variation.
The simulated concentrations of surface PM2.5 using the YSU, MYJ, and Boulac schemes all showed large negative errors during
daytime in polluted days due to their inefficient descriptions of local atmospheric stability or diffusion processes in haze. The lower
ability of PBL schemes in distinguishing the diffusion between haze and clean days in the complex topography areas in China is an
important problem for PM2.5 forecasting, which is worthy of being studied in detail.

1. Introduction
Owing to its population explosion, accelerated urbanization, and globalization, China—the country with the fastest
growing economy in the world—has been suffering from
increasingly severe air pollution since the 1980s. Related to
this, haze occurrence in China, on the whole, has continued
to grow during the past several decades, especially after 1980
[1]. Today, haze is a frequent phenomenon in most areas of
eastern China, leading to adverse economic as well as human
health impacts [2]. Broadly, four severe haze regions in China
are recognized: Beijing, Tianjin, Hebei province (abbreviated

to Jing-Jin-Ji) and its surroundings [3–5], Yangtze River Delta,
Pearl River Delta, and the Sichuan Basin. As one of the
most important urban agglomerations in China, the Jing-JinJi region and its surroundings have attracted considerable
attention recently, because of the serious pollution episodes
it has experienced since 2013. Multisource observations that
can characterize the haze process in Jing-Jin-Ji and its surrounding areas have been used to study the temporal and
spatial variation of haze, meteorological conditions, and the
chemical components of haze [6–12]. Based on these extensive observational studies, continuous studies of the resultant
pollution emissions inventory have also been conducted
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[13–15]. In addition, a number of simulation studies using
atmospheric models have been carried out to study haze
and pollutions processes in China; these studies involve
the interactions between meteorological conditions, particle
concentrations, and the variation in the transport characteristics of pollutants during the pollution process [16–20].
There are two key factors involved in the formation and
persistence of haze: one is fine particulate matter (PM2.5 ) and
gas pollutants (O3 , SO2 , NOx , etc.) and the other is meteorological conditions. Moreover, when modeling haze, there
are uncertainties related to the planetary boundary layer
(PBL), which mainly derive from the particular PBL scheme
used; and, therein, the PBL height (PBLH), turbulent mixing
process, and wind fields are major variables controlling the
haze process in the PBL [21–23]. Therefore, the PBL scheme
is a vital impacting factor in terms of modeling the formation
and maintenance of haze and air pollution [24, 25]. A lower
PBLH and weaker PBL turbulence diffusion are regarded as
key meteorological aspects for haze formation [26]. Studies
on different PBL parameterization schemes have shown that
an accurate depiction of the meteorological conditions within
the PBL via an appropriate PBL parameterization scheme is
important for air pollution modeling [27–29]. Some studies
have also discussed the importance of the PBL scheme in the
modeling of O3 concentrations, specifically, in the USA and
using Weather Research and Forecasting/Chemistry model
(WRF-Chem) [30–32]. These studies also touched upon the
possible effects of the PBL scheme on the modeling of PM2.5 ;
however, little is known about whether current PBL schemes
are efficient in modeling extremely high PM2.5 concentrations
and haze events over the Chinese mainland.
In order to investigate the abilities of PBL schemes in
modeling PM2.5 over the Jing-Jin-Ji region during serious
haze events with high PM2.5 values and to provide instructive guidance regarding PM2.5 prediction over this region,
separate WRF-Chem model simulations using three popular
PBL schemes [Yonsei University (YSU), Mellor-YamadaJanjic (MYJ), and Bougeault-Lacarrère (Boulac)] were run for
haze episodes that occurred in February 2014. After first
introducing the methodology, model configuration, and data
used, we then evaluate the PM2.5 simulation results from the
three PBL schemes by comparing with observations and analyze the related meteorological fields. Finally, conclusions are
drawn regarding the impacts of the PBL on PM2.5 simulation,
along with a discussion on the possible underlying physical
mechanisms involved.

2. Methodology
2.1. Model Introduction and Configuration. The WRF-Chem
model is a fully coupled “online” model, with its air quality
component fully consistent with the meteorological component [33, 34]. Version 3.5 of WRF-Chem was employed in this
study. Two nested domains (Figure 1) were used in the simulation with grid spacing of 27 km and 9 km, respectively. The
inner domain was centered at 115∘ E, 35.5∘ N on a Lambert map
projection. Considering the regional transmission of PM2.5
during haze processes, the main research area of domain
2 ranged over 111∘ E–120.5∘ E, 34.5∘ N–42.5∘ N, containing the
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Table 1: Main physical schemes used in WRF-Chem.
Physical process

Physics option

Shortwave radiation
Longwave radiation
Microphysics
Cumulus parameterization

Goddard
RRTM
Lin
New Grell scheme
YSU
MYJ
Boulac
Revised MM5 Monin-Obukhov
for YSU and Boulac
Monin-Obukhov for MYJ
Unified Noah land-surface
model

Planetary boundary layer

Surface layer
Land surface

whole Jing-Jin-Ji area and its upstream region including most
areas of Shanxi and Shandong provinces and part of Henan
province—both regarded as contributors to Jing-Jin-Ji’s pollution. The research area is abbreviated as 3JNS hereafter. The
two domains used the same 35 vertical levels extending from
the surface to 10 hPa, and the layer heights within PBL are
shown in Table 3. The simulation period ranged from 00:00
UTC January 28, 2014, to 00:00 UTC March 1, 2014. The
simulation outputs from February 1 to 28 were used to obtain
the chemical component balance from pollutant emissions.
The CBM-Z chemistry mechanism [35] combined with
MADE/SORGAM (Modal Aerosol Dynamics Model for
Europe and Secondary Organic Aerosol Model) was applied
in each domain, and the Fast-J photolysis scheme [36] coupled with hydrometeors, aerosols, and convective parameterizations was chosen. All domains used the RRTM scheme
[37] for longwave radiation, the Goddard scheme for shortwave radiation, the Lin (Purdue) microphysics scheme [38],
and the New Grell scheme for cumulus parameterization
(Table 1). Three PBL schemes—YSU, MYJ, and Boulac—were
adopted in the model runs to compare the modeling results
of PM2.5 .
2.2. Emissions Instruction. The anthropogenic emissions of
chemical species, with resolution of 0.1∘ × 0.1∘ , came from
the Multiresolution Emissions Inventory for China (MEIC)
for 2010 (http://www.meicmodel.org/), which was developed in 2006 for the Intercontinental Chemical Transport
Experiment-Phase B (INTEX-B) mission [13]. The inventory
includes 10 major kinds of pollutants and greenhouse gases
and more than 700 kinds of anthropogenic emissions, which
can be divided into five sources: transportation, residency,
industry, power, and agriculture. According to the INTEXB inventory, the main pollutants in China that year were SO2 ,
NOx , CO, NMVOC, PM10 , PM2.5 , BC, and OC. This 2010
emissions inventory has been validated as credible and widely
used in studies of pollution in China [14, 15, 39].
2.3. Data Descriptions. The National Centers for Environmental Prediction (NCEP) reanalysis data (resolution: 1∘ × 1∘ )
were used for the model’s initial and boundary conditions.
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Figure 1: Nested modeling domains (a), the distribution of observation sites within domain 2 ((b) filled circles: PM2.5 observation sites; open
circles: surface meteorological sites; open triangles: upper-air meteorological stations; the dashed-line square area represents the research
area (3JNS)), and the topography of the research area (c).

The hourly surface PM2.5 observational data for February
2014 from the China National Environmental Monitoring
Center were used to evaluate the model results. There are
109 PM2.5 sites in domain 2 and 48 sites in 3JNS. The results
presented in this paper focus mainly on the sites evenly
distributed in 3JNS. Surface and vertical sounding balloon
observations of the Meteorological Information Comprehensive Analysis and Process System (MICAPS) from the
China Meteorological Administration were also used for
evaluating and analyzing the model. The locations of all of
these observational sites in domain 2 are marked in Figure 1.
There are 88 MICAPS stations in 3JNS.
In order to explore the PBL schemes performance in different areas, five stations, Beijing (under the Yan Mountain),
Taiyuan (on the west side of Taihang Mountain), Zhangjiakou
(in the northwest of 3JNS), Cangzhou (the coastal station),
and Xingtai (the east foot of Taihang Mountain) were picked
up to represent five different categories of topography and
land surface in the 3JNS. The location of their abbreviations
is displayed in Figure 1. The topographic basemap of Figure 1
was downloaded from http://www.noaa.gov/.

2.4. Three PBL Schemes’ Introduction. PBL schemes can be
classified as local or nonlocal closure schemes [40], with
the former obtaining the turbulent fluxes of each grid from
mean variables and the latter by considering the grid and
its surroundings. Additionally, nonlocal schemes are able to
simulate the fluxes and profiles of the convective boundary
layer. The YSU PBL scheme—an improved version of the
Medium-Range Forecast (MRF) scheme, with a critical bulk
Richardson number of 0.25 over land—is a revised vertical
diffusion package with a nonlocal coefficient in the PBL.
Compared with the MRF scheme, it increases boundary layer
mixing in the thermally induced free convection regime and
decreases it in the mechanically induced forced convection
regime. In addition, this scheme is also a relatively mature
scheme that is able to simulate a realistic structure of the PBL
in the WRF model [41, 42]. The MYJ PBL scheme is a turbulent kinetic energy (TKE) local closure scheme that defines
the eddy diffusion coefficients by forecasting the TKE. This
scheme is suitable for all stable and weakly unstable boundary
layers [43]. The Boulac scheme, regarded as a local closure
scheme, has long been regarded as satisfactory in terms of its
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performance in orography-induced events [44]. These three
PBL schemes are widely used in mesoscale or weather-scale
modeling, and their respective merits or shortcomings have
been reported in previous studies. They were also selected for
use in the present reported study.

3. Results and Discussion
3.1. Evaluation of Surface PM2.5 . To validate the efficiencies of
the three PBL schemes in simulating PM2.5 in the Jing-Jin-Ji
region, the spatial distribution of the modeled PM2.5 values
is compared with observations for a severe and long-lasting
haze episode in this region. Figure 2 displays the averaged
PM2.5 distribution from 00:00 UTC February 21 to 00:00
UTC February 25, together with the observed values during
the same period. The period-averaged PM2.5 values reached
300–500 𝜇g m−3 at observation sites over this region (marked
with circles in Figure 2), and the instantaneous values were
even higher; the PM2.5 concentration in some cities (e.g., Beijing, Xingtai, and Tangshan) even reached above 500 𝜇g m−3
(Figure 3). Furthermore, as shown in Figures 2 and 3, cities in
southern Hebei province endured more severe pollution than
northern areas (e.g., Chengde and Zhangjiakou). For this
haze period, the model results using the three PBL schemes
were all reasonable; the observed and simulated distributions
of PM2.5 showed reasonable consistency. The differences in
distributions between the YSU, MYJ, and Boulac schemes
were very small. To evaluate the accuracies of the three PBL
schemes in modeling the variation in PM2.5 , 10 representative cities in 3JNS were selected (locations displayed in
Figure 2), and their hourly variations in PM2.5 concentration,
as modeled using the three PBL schemes, were compared
with observations for the period from 00:00 UTC February
1 to 00:00 UTC March 1 (Figure 3). The results show that all
three PBL schemes produced similar representations of the
real variation in PM2.5 for the whole of February, and the
differences in modeling values by these three schemes were
very little. As the concentration of PM2.5 is the primary indicators in haze periods, it can be seen from Figure 3 that there
were two main haze events in February: one from February
13 to 15 and the other from February 21 to 25. The start and
end points of these two events were each modeled well using
the three PBL schemes. However, as the simulated conditions
of the second event (February 21 to 25) were more accurate,
this one was chosen as the research period in this study. In
terms of the simulations at individual stations, eastern cities
(e.g., Hengshui, Cangzhou, and Chengde) produced better
simulation results than western cities (e.g., Zhangjiakou and
Baoding) for this event overall, suggesting that the PBL
schemes possess properties that are more suited to simulating
the PM2.5 concentration in particular localities. As for how
model behaves for particular localities (plains, mountains,
or coastal areas, etc.) by using these 3 PBL schemes, we will
discuss this below.
Four statistical indicators [mean bias (MB), normalized
mean bias (NMB), normalized mean error (NME), and root
mean square error (RMSE)] of the haze episode, clean days,
and whole month averaged over 3JNS were calculated to
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Table 2: Comparisons of statistical indicators of PM2.5 . (Haze:
February 21 to 25, daytime, 00:00–11:00 UTC; night, 12:00–24:00
UTC. Clean days: February 3 to 5. Unit: 𝜇g m−3 .)

Whole month
Haze episode
Haze daytime
Haze night
Whole month
Haze episode
Haze daytime
Haze night
Haze/clean
Maximum
Minimum

YSU
MB
NMB
17.7
15.9%
−2.5 −1.4%
−11.8 −6.8%
7.2
4.0%
NME RMSE
49.8% 104.0
31.2%
76.6
31.0%
76.6
31.4%
76.6
174.4/64.9
Haze Clean
217.8
22.2
98.1
24.4

MYJ
MB
NMB
24.5
22.0%
5.4
3.0%
−1.8
−1.0%
13.2
7.3%
NME RMSE
52.5% 106.0
31.4%
75.4
30.6%
73.9
32.1%
76.9
182.4/70.4
Haze Clean
220.5
30.4
100.2
26.7

Boulac
MB
NMB
21.2
19.0%
0.13
0.5%
−8.1 −4.6%
8.9
4.9%
NME RMSE
49.8% 103.8
31.2%
74.6
30.6%
75.8
31.8%
77.5
177.1/69.2
Haze Clean
220.6
27.6
105.8
28.5

evaluate the abilities of the three PBL schemes in simulating
PM2.5 (Table 2). The mean and extreme values of haze and
clean periods using each PBL scheme are also displayed in
Table 2. The results show that the PM2.5 modeled during the
haze episode was better than that for the whole month. NB
and NMB values of less than zero indicate that the model
results were an underestimation of the actual situation. The
YSU, MYJ, and Boulac schemes underestimated the PM2.5
concentration during daytime but overestimated it at night,
the reason which will be discussed later. On the whole, the
Boulac scheme produced the least bias for haze episode
compared with the other three schemes, followed by the
YSU scheme and MYJ scheme. The MB, NMB, NME, and
RMSE values further illustrate that the YSU, MYJ, and Boulac
schemes differed little in terms of their simulation of the
PM2.5 concentration during haze.
3.2. Relationship between PBL Meteorology and PM2.5 . The
daily averaged values of PM2.5 concentration, surface wind
speed, PBLH, and vertical diffusivity at level 8 (Table 3) in
3JNS for the whole of February are shown in Figure 4. The
PM2.5 values were determined by averaging the PM2.5 data
of 48 observation stations (Figure 1), and the wind speed
values were the average of data of 88 CMA surface monitoring
stations in the same area. The three PBL schemes all showed
similar trends as those observed. As indicated by the results
in Figure 4, the PM2.5 modeled using the YSU, MYJ, and
Boulac schemes also showed very little difference. The three
schemes all simulated similar trends for surface wind speed,
which were in agreement with the observed trend, though
they were all higher than observed. All three schemes showed
that the PM2.5 concentration possessed an accurate inverse
relationship with wind speed in terms of the daily averaged
variation trend. The daily variation in PM2.5 concentration
also possessed a good inverse relationship with the PBLH
(averaged over 48 sites, the same for vertical diffusion), which
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Figure 2: Mean simulated (shaded) and observed (circles) PM2.5 values during the haze period (February 21 to 25).

Table 3: Model levels and their corresponding heights.
Model level
Geopotential height (m)

1
0

2
15

3
30

4
45

5
61

6
91

7
137

8
175

9
222

10
315

11
402

12
586

13
767

14
943

15
1132

16
1307

17
1496
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Figure 3: Continued.
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Figure 3: Simulated and observed hourly PM2.5 concentration at 10 sites ((a)–(j)) in February 2014.
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Figure 4: Variations of the daily averaged PM2.5 concentration (a), wind speed near-surface (b), PBLH (c), and vertical diffusivity (d) of the
area mean in February.

suggested that a lower PBLH is an essential prerequisite for
haze episodes; but when the PBLH is lower than a certain
value, such as 400 m, its relationship with PM2.5 is not
so close. Considering their different diagnoses, the specific
values between different PBL schemes are not comparable,
so the focus here is the relationships between PM2.5 and PBL
meteorology. The anticorrelation between the daily PM2.5 and
vertical diffusivity of the YSU, MYJ, and Boulac schemes
was even weaker than that between PM2.5 and the PBLH,

indicating that the impact of local vertical diffusivity on the
time scale of the daily averaged change trend of PM2.5 is
limited. Nevertheless, its impact on the hourly change of
PM2.5 during the daytime is clearer and more important,
which will be discussed in Section 3.4.
To illustrate the modeling performance by using three
PBL schemes in different topographies, Figure 5 displays the
simulated and observed daily averaged PM2.5 concentration
and wind speed in the whole of February of five stations
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Figure 5: Continued.
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Figure 5: Variations of the daily averaged PM2.5 concentration ((a), (c), (e), (g), and (i)) and wind speed near-surface ((b), (d), (f), (h), and
(j)) at 5 sites of different terrain in February.

which can represent five topographies in the 3JNS (Figure 1).
As to PM2.5 concentrations and wind speed, PBL schemes can
depict appropriate variation trends compared with observation, and they showed a good negative correlation with each
other. The difference of PM2.5 concentration in YSU, MYJ,
and Boulac schemes is still little in separate stations; meanwhile, the modeling results in different terrain contain certain
differences. In this haze process, the modeling PM2.5 concentrations in some stations are slightly higher than the observations (Beijing, Taiyuan), while some are lower (Zhangjiakou,
Xingtai), and the eastern coastal city (Cangzhou) performed
well in this simulation. It is worth mentioning that the Xingtai
station, representing the eastern foot of Taihang Mountain,
has obviously lower simulating PM2.5 concentration than the
observation by the three schemes, which can be mainly owing
to the extremely higher simulation of wind speed (Figure 5).
Compared with near stations on the eastern Taihang Mountain, Shijiazhuang and Handan also have similar phenomena
(lower simulated PM2.5 and higher simulated wind speed). It
should be noted here that the higher simulated wind speed
is one main but probably not the only reason contributing to
the higher simulated PM2.5 . In conclusion, the performance
of schemes in the eastern root of Taihang Mountain, the most
polluted region by haze in China, was relatively poor due to its
specific terrain and complex PBL meteorology. The modeling
results in the eastern plain stations (Cangzhou, etc.) of the
3JNS were better than the west (Zhangjiakou, Xingtai, etc.)
as mentioned in Section 3.1.
Figure 6 displays the hourly variations of area mean
PM2.5 , wind speed at 10 m, the PBLH, and vertical diffusivity
at level 8 (Table 3) of the three PBL schemes during the
haze episode (total duration: 120 hours). The YSU scheme
simulated the lowest concentration, followed by the Boulac
and MYJ schemes. It can be seen from this figure that the
PM2.5 concentrations simulated using the YSU, MYJ, and
Boulac schemes all possessed good inverse relationships with
wind speed at 10 m, the PBLH, and vertical diffusivity. After
sunrise, with the strengthening of solar radiation, the turbulent diffusivity within the PBL continued to improve, the

PBLH and wind speed also increased, and all three variables
reached their maximum at about 07:00 UTC (local 3 o’clock
in the afternoon). After then, all three variables weakened
with solar radiation and remained stable at night (after
sunset). For the reasons outlined above, the concentration of
simulated PM2.5 during daytime was lower than at night. In
summary, in the model, the effects of vertical diffusion on the
hourly change trend of PM2.5 during daytime are much more
important compared with the effects on daily averaged PM2.5 .
3.3. Vertical Profiles of PM2.5 and Meteorology within the PBL.
The structure of PBL vertical meteorology is very important
to particle diffusion, vertical and horizontal transportation,
and thus the simulation of PM2.5 . Air sounding observations
are only carried out by the CMA at 00:00 UTC (8 o’clock, local
time) and 12:00 UTC (nightfall), meaning observational data
in terms of the vertical profiles of meteorological parameters
during local daytime—local noon (06:00 UTC) especially—
are not available and therefore cannot be used for model
validation in China at present. Accordingly, Figure 7 only
compares the modeled PM2.5 concentration, wind speed, and
vertical diffusion using the three PBL schemes. Each value
of the profile was first averaged over the stations in 3JNS
and then averaged over the duration of the haze process (120
hours). The model levels and their corresponding heights
are displayed in Table 3. It can be seen from Figure 7 that
the differences among the profiles of the YSU, MYJ, and
Boulac schemes were small, ranging from 160 𝜇g m−3 to
175 𝜇g m−3 . The discrepancies in the PM2.5 concentrations
and PBL variables among different PBL schemes were mainly
apparent beneath level 11 (height of approximately 402 m).
Just under this height local diffusion was the strongest,
indicating that local vertical diffusion occurring mainly from
100 m to 400 m and heights below 400 m were important for
the PM2.5 simulation. The results also showed that the surface
PM2.5 concentration was affected by the wind speed and
diffusion collectively throughout the whole PBL (especially
under 400 m), rather than the surface only.
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Figure 6: Hourly variations of the area-averaged PM2.5 concentration (a), wind speed at 10 m (b), PBLH (c), and vertical diffusivity (d) during
the haze process.

3.4. Diurnal Variation of Surface PM2.5 and Vertical Diffusion.
The diurnal variations of vertical diffusion and PM2.5 concentration of haze and clean days using the three PBL schemes
are displayed in Figures 8(a)–8(d). These figures show exactly
how diffusion affected the PM2.5 trend during the course of
one day, from 00:00 UTC to 23:00 UTC. The values of PM2.5
and diffusion were both averaged over 48 PM2.5 stations in the
3JNS, and each hour was also averaged during haze (February
21 to 25) and clean periods (February 3 to 5) separately. Most
stations’ daily averaged PM2.5 of observations were above
200 𝜇g m−3 in the “haze” and under the 50 𝜇g m−3 in the
“clean” days. The diurnal variation produced by the three PBL
schemes was exactly the same as shown in Figure 6. The PM2.5
simulated using the YSU, MYJ, and Boulac schemes was obviously lower than observed during daytime, and their diurnal
variation of PM2.5 disagreed with and even contrasted with
the observation especially for haze days. It can be concluded
that the three PBL schemes might overestimate the vertical
diffusion process in the 3JNS region, leading to lower simulated surface PM2.5 and negative errors during daytime, particularly when severe haze occurred. There are two reasons
for this probably strong diffusion and lower PM2.5 during
daytime. The direct radiative feedback of aerosols may lead
to weaker diffusion, a more stable atmosphere, and higher
surface PM2.5 when the PM2.5 concentration is higher than

a certain threshold [26, 45]. However, this feedback was not
calculated in the present study. Besides, it was the calculation
methods with respect to vertical diffusion by the three PBL
schemes that led to stronger particle diffusion and lower surface PM2.5 than was actually the case in the real atmosphere.
It should be noted that the different representations of
vertical diffusion in these PBL schemes might have different
impacts on PM2.5 simulation under different conditions of
atmospheric stability in different regions. So here, the same
five stations mentioned above were picked up again to illustrate the modeling result of diurnal variations over different
topography (Figure 9). For the small difference of vertical
diffusivity between haze and clean period at the five stations,
the figures of diffusion were ignored here. Though there is no
significant pattern in the diurnal variations of observation,
this figure also indicated that the simulated diurnal variations
of PM2.5 of specific stations were not as well as daily averaged
variations in Figure 5. Despite this, the modeled trends of
Taiyuan and the eastern city Cangzhou were better. By the
influence of Taihang Mountains, Xingtai simulated lower
PM2.5 in haze days and higher PM2.5 in clean days compared
with observations. Moreover, when the model performed
well in haze with high PM2.5 concentrations (Taiyuan and
Cangzhou), it simulated apparently higher PM2.5 in the
clean days with lower PM2.5 concentrations and vice versa
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Figure 7: Vertical profiles of wind speed (a), vertical diffusivity (b), and PM2.5 concentration (c).

for Zhangjiakou. It seems to be that the little difference of
diffusivity calculation between haze and clean days by the
PBL schemes calculation might lead to this interesting phenomenon, which is probably the main way to improve PM2.5
forecasting in complex topography.

4. Conclusion
To explore the impacts of different PBL schemes on PM2.5
simulation, three PBL schemes (YSU, MYJ, and Boulac) were
applied in the WRF-Chem model to simulate haze episodes
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Figure 8: Diurnal variations of PM2.5 ((a)-(b)) and vertical diffusivity ((c)-(d)).

that occurred in the Jing-Jin-Ji region and its surroundings of
China. The research area is abbreviated to 3JNS in this paper.
The results of the three PBL schemes in simulating the
PM2.5 concentration over 3JNS showed that all these schemes
performed similarly with respect to the PM2.5 trend during a
month that included haze episodes. However, among them,
the Boulac scheme produced the least bias for haze period,
followed by the YSU and MYJ scheme, and these three
schemes showed negligible difference in simulating the PM2.5
concentration. All three PBL schemes simulated similar
daily averaged trends in PM2.5 concentration, which was in
agreement with the observation and possessed a good inverse
relationship with the PBLH and wind speed—better than
with vertical diffusion. All the PBL schemes behave diversely
in different terrains. On the whole, eastern plain cities such as
Cangzhou and Chengde produced better simulation results
than the western cities such as Zhangjiakou and Baoding
which are near mountains; the cities under the eastern root of

Taihang Mountain produced the worst results in simulating
high PM2.5 ; the modeling results of plain cities were better
than the cities under the mountain (e.g., Beijing under the
Yan Mountain). The heights under or near the 400 m were
found to be very important for PM2.5 simulation. The effects
of vertical diffusion on the hourly change trend of PM2.5
simulation during daytime were far more important than
those on the simulation of daily averaged PM2.5 . The three
PBL schemes might all overestimate the vertical diffusion
process in the 3JNS, leading to a lower simulation of surface
PM2.5 and negative errors during daytime—especially when
severe haze occurred. In addition, the small gap of diffusivity
between haze and clean days by PBL schemes may lead to the
errors in simulating PM2.5 concentrations. It can also be said
that the three PBL schemes had not enough ability to distinguish the diffusion between haze and clean days in the complex topography area in China, which may be regarded as an
important direction for the improving of PM2.5 simulation.
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Figure 9: Continued.
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Figure 9: Diurnal variations of PM2.5 in polluted ((a), (c), (e), (g), and (i)) and clean process ((b), (d), (f), (h), and (j)) at 5 sites of different
terrains.

Since the differences in PM2.5 concentration among the
PBL schemes were small, the exact reasons related to these
differences were not discussed in this study. The reasons for
the poor reflection of diurnal variation in the PBL schemes,
resulting in PM2.5 errors in numerical models, need to be
studied in detail and then adjustments need to be made to
improve results for different regions.
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Accurate identification of key parameters for data assimilation is important in simulating the planetary boundary layer height
(PBLH) and structure evolution in numerical weather prediction models. In this study, surface observational data and lidar-derived
PBLH on 42 cloudless days from June 2007 to May 2008 are used to quantify the statistical relationships between surface parameters
and the PBLH at a semiarid climate observational site in Northwest China. The results indicate that surface upward long wave
radiation, surface temperature, and surface sensible heat fluxes show strong correlations with the PBLH with correlation coefficients
at a range of 0.63–0.72. But these parameters show varying correlation response time to the different stages of PBL development.
Furthermore, the air temperature shows the highest correlation with the PBLH near the surface and the correlation decreases with
increasing height.

1. Introduction
The atmospheric boundary layer, also known as the planetary
boundary layer (PBL), is the turbulent layer near the Earth’s
surface. It is directly affected by the underlying surface
conditions and intimately associated with human activities
[1]. The transfers of momentum, heat, and moisture between
the surface and atmosphere are mainly based on turbulence.
As the atmosphere is always in turbulent status in the
layer, the PBL is crucial to surface-atmosphere exchanges
of substances and energy. PBLH is of major relevance in
boundary layer research as a key parameter characterizing
the structure of the boundary layer [2, 3]. Observations of
the PBLH are significant for theory and applications. Because
it is closely related to turbulence, the PBLH is not observed
by standard measurements. It is currently determined mainly
from indirect measurements. For a convective boundary layer
at noon, the PBLH is more or less identical with the mixed

layer height. Due to the vertical turbulent mixing, wind
velocity and potential temperature are well mixed within
the layer. In most cases, wind and potential temperature
are usually constants in the mixed layer. However, at the
top of mixed layer, there is a sharp increase in wind speed
and potential temperature caused by the abrupt decrease in
turbulence intensity [4]. Therefore, the characteristics of wind
speed and potential temperature can be used to calculate the
PBLH when atmosphere is neutral or unstable. In addition,
the PBL is moist relative to the upper free atmosphere, and
a strong gradient in relative humidity exists at the top of
PBL, which can also be utilized to determine the daytime
PBLH [5]. At night when atmosphere is in a stable condition,
inversion lid always exists at the top of boundary layer, and
the nocturnal PBLH is usually represented by the thickness of
surface temperature inversion layer. Above all, the PBLH can
be determined from different instruments-derived profiles
of thermodynamic variables like temperature, humidity, and
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horizontal wind speed. The difficulty in directly observing the
thermodynamic structures of the atmosphere makes groundbased remote sensing technique an attractive choice. For
instance, lidar provides vertical profiles of backscatter from
aerosol particles with high temporal and spatial resolutions
in the atmosphere. The aerosol concentration within the PBL
is much higher than that in the free atmosphere. Therefore, a
significant difference in aerosol concentration exists between
the top of the PBL and the free atmosphere, which is reflected
as a sudden attenuation of the lidar echo signals. On the basis
of this characteristic of aerosols in the PBL, aerosol particles
can be used as tracers to determine the PBLH. However, in the
presence of optically thick clouds, the resulting PBLH using
lidar data is unrealistic because of the high signal gradient
generated by the clouds [6, 7]. Therefore, lidar data in clear
sky conditions are chosen to calculate PBLH in this paper.
As the backscatter signal generally decreases most rapidly
at the top of the boundary layer, the gradient of the aerosol
concentration obtained from the lidar data can be utilized to
retrieve PBLH. Many methods have been used to calculate the
PBLH from lidar backscatter, including the gradient method
[8, 9], the wavelet transform method [10–12], the standard
deviation method [13], and the curve fitting method [14, 15].
Each method has its advantages and limitations. The gradient
method is simple and easy to use; however, it is sensitive
to local minima in the profile either atmosphere or noise
induced nearly always occurring in a turbulent PBL [16]. The
standard deviation method is not suitable for the situation of
weak inversion layer [17]. Although the curve fitting method
is relatively computationally expensive, it is barely affected by
the local structure of the signal and generally generates the
stable PBLH [14]. Therefore, the curve fitting method is used
to retrieve daytime PBLH in the paper.
The atmospheric boundary layer is largely governed by
land surface processes, including the absorption of solar
radiation by the land surface, transmission of heat energy
between the atmosphere and soil, and mechanical processes.
The surface temperature is an important external forcing
factor to the thermal convection. The variation in surface
temperature reflects the heating result of net radiation on
the surface [18]. For net radiation, the contribution of the
long and short wave components varies with atmospheric
conditions. On sunny days, the upward long wave contributes
most to the net radiation, and the contribution of upward
short wave is minimum [19]. Besides, the development and
maintenance of the thermal boundary layer mainly rely on
the heat transmission through the sensible heat flux [20].
Therefore, the radiation variables, surface temperature, and
sensible heat flux make major contributions to the formation
and development of the PBL [21–24]. The assimilation of
PBLH may be implemented by updating the first guess field
of a numerical model with these variables.
For PBLH assimilation in the numerical model with
Ensemble Kalman Filter (EnKF), it needs to confirm which
variables are well correlated with PBLH. In addition, the
influence radius for spatial and temporal domain should
also be set. So the purpose of this study is to determine
the statistical correlations between PBLH and conventional
atmospheric variables, as well as influence radius of variables

Advances in Meteorology
using the routine observations at the Semi-Arid Climate and
Environment Observatory of Lanzhou University (SACOL)
and to provide basis and support for PBLH assimilation.
Due to the limitation of a single observational point, the
radius of influence in horizontal direction cannot be found
out. In the vertical direction, the vertical air temperature
profiles are provided by a Radiometrics Profiling Radiometer
(TP/WVP-3000). The observations of variables and PBLH
in the following hours are used to analyze the temporal
influence radius.
In this study, 42 cloudless sunny days (nonprecipitation,
being without thunderstorm, no cloud or total-cloud covers
less than 20 percent all day, and being with a clear structure
of backscatter signals of lidar) are selected from June 2007 to
May 2008, and the PBLH is calculated by retrieving lidar data
using the curve fitting method over the Lanzhou suburb in
the Yuzhong area at SACOL. The correlations between related
variables and PBLH as well as lagged correlations between
them are calculated to determine the major variables which
affect the formation and development of boundary layer. The
correlation coefficients between PBLH and air temperature at
different heights are also calculated. Finally, through temporal variations of PBLH and atmospheric variables on the four
typical examples 15 July 2007, 20 November 2007, 5 January
2008, and 9 April 2008, the lagged correlations between
different variables and PBLH and the physical mechanisms
behind the statistical correlations are specifically discussed.

2. Data and Methods
The PBLH and statistical correlations in this paper are
calculated with data collected at SACOL (35.57∘ N, 104.08∘ E;
1965.8 m above sea level), which is the suburb of Lanzhou
on the southern bank of the Yellow River, a typical semiarid
region. The instruments include air temperature and relative
humidity sensors (HMP45C-L, Vaisala), a Precision Infrared
Thermocouple Sensor (IRTS-P, Apogee), upward and downward pyranometers (CM21, Kipp & Zonen), upward and
downward pyrgeometers (CG4, Kipp & Zonen), an atmospheric pressure sensor (RPT410F-3143, Druck), a Radiometrics Profiling Radiometer (TP/WVP-3000, Radiometrics),
and a Micro-Pulse Lidar System (MPL-4, Sigma Space).
The vertical resolutions of temperature profiles measured
by the radiometer for the layers 1 km below and above are
100 m and 250 m, respectively. MPL-4 has one measurement
channel at 527 nm, which records backscatter signals up to
a height of 20+ km with a vertical resolution of 75 m. All the
conventional atmospheric observations are subjected to basic
quality control (QC). Only observations with a relatively
high accuracy are selected. The SACOL MPL-4 is part of the
MPLNET (Micro-Pulse Lidar Network) [25], and the observation follows the relevant uniform rules. Meanwhile, a series
of corrections such as background correction, overlap correction, and range correction have been done for lidar data [26].
The curve fitting method first proposed by Steyn et al. [14]
is used to retrieve PBLH from the lidar data. The technique
uses the gradient of the lidar backscatter signal and fits an
idealized backscatter profile 𝐵(𝑧) to the observed backscatter
profile 𝑏(𝑧) by minimizing the measure of agreement between
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the two profiles. The form of the idealized backscatter profile
𝐵(𝑧) is
𝐵 (𝑧) =

(𝐵𝑚 + 𝐵𝑢 ) (𝐵𝑚 − 𝐵𝑢 )
𝑧 − 𝑍𝑚
−
erf (
),
2
2
𝑆

(1)

where the error function (erf) is defined as
erf (𝑎) =

2 𝑎
∫ exp (−𝑧2 ) 𝑑𝑧,
√𝜋 0

Table 1: The days selected for retrieving PBLH and for correlation
analysis between PBLH and atmospheric variables from June 2007
to May 2008.
June July
1
15
9
16
22

(2)

where 𝐵𝑚 and 𝐵𝑢 are the mean backscatters in the mixed layer
and in air immediately above the mixed layer, respectively;
𝑍𝑚 is the depth of the mixed layer; 𝑆 is related to the thickness
of the entrainment layer. The four parameters are determined
by minimizing the root-mean-square deviation between 𝐵(𝑧)
and 𝑏(𝑧). When the root-mean-square deviation gets the
minimum, 𝑍𝑚 represents the PBLH.

3. Statistical Correlations between
PBLH and Variables
3.1. Statistical Correlations between Averages. The dates chosen for PBLH retrieval and correlation analysis are listed
in Table 1. On these 42 cloudless sunny days, conventional observations are complete. The structure of the lidar
backscatter signals is also very clear. To ensure representativeness, the selected days are from all four seasons. Because
some data are unavailable for 8–30 September 2007, the cases
in autumn are relatively less. But the representativeness of the
statistical correlations is not affected.
Table 2 lists the Pearson correlation coefficients of the
averages of different variables and PBLH during 10:00 and
18:00 BJT (Beijing time). It shows strong correlations between
individual thermal variables (e.g., surface air temperature,
surface temperature, sensible heat flux, and upward and
downward long wave and short wave radiation) and PBLH,
with correlation coefficients all around 0.6 (significant at the
0.01 level). Surface relative humidity and atmospheric pressure are negatively correlated with PBLH, but their relevance
is relatively low, and the Pearson correlation coefficients are
−0.34 and −0.25, respectively. The weakest correlation is
between averages of net radiation and PBLH. Figure 1 shows
the distribution of averages of variables and PBLH. It can be
seen that the daily average of net radiation changes very little,
while the PBLH shows a clear change (see Figure 1(b)). The
overall trends of atmospheric pressure and surface relative
humidity are opposite to that of PBLH although they change
in tandem with PBLH sometimes (see Figure 1(c)). Apart
from these three variables, Figure 1 shows that the overall
trends of other variables are fairly consistent with the trend
of PBLH.
3.2. Statistical Correlations between Time Series. In general,
the atmospheric boundary layer appears as a convective layer
in daytime and a stable boundary layer at night. Ding [27]
discussed that the boundary layer with a thick mixed layer
is relatively stable before sunrise in Northwest China. After
08:00 BJT, the nighttime stable boundary layer is broken, and

Aug
14
16
19
31

Nov
20
22
28
30

Dec
19
20
22

Jan
5
9
15

Feb
20
21

Mar
1
3
13
25
26

Apr
2
4
6
9
17
24
25
27
28

May
4
5
11
14
26
28
31

Table 2: Statistical correlations between the averages of atmospheric
variables and boundary layer height during 10:00 and 18:00 BJT
(𝑇0 : surface air temperature; 𝑇s : surface temperature; H: sensible
heat flux; RH: surface relative humidity; P: atmospheric pressure;
𝑅lu , 𝑅su , 𝑅ld , and 𝑅sd : upward long wave and short wave radiation
and downward long wave and short wave radiation, resp.; 𝑅𝑛 : net
radiation; r: Pearson correlation coefficient).
Variables
𝑇0
𝑇s
H
RH
P
𝑅lu
𝑅ld
𝑅sd
𝑅su
𝑅𝑛

∗

r
0.71∗∗
0.71∗∗
0.63∗∗
−0.34∗
−0.25
0.75∗∗
0.55∗∗
0.76∗∗
0.60∗∗
−0.04

Significant correlation at the 0.05 significance level.
Significant correlation at the 0.01 significance level.

∗∗

the mixed layer starts to deepen. Around 10:00 BJT, because of
the thermally driven vertical mixing, the residual layer starts
to disappear and the mixed layer begins to develop rapidly.
At noon, the convective boundary layer is established. Zhao
et al. [28] estimated the PBLH in summer over the SACOL
using lidar measurements and a numerical model and showed
that the deepest boundary layer over SACOL occurred at
around 17:00 BJT and could last until 18:00 BJT. Therefore,
the PBLH during 10:00–18:00 BJT and atmospheric variables
during 06:00–14:00, 07:00–15:00, 08:00–16:00, 09:00–17:00,
and 10:00–18:00 BJT are selected as time series to analyze the
lagged statistical correlations between variables and daytime
PBLH as the PBLH often lags behind these variables.
Statistical correlations between different atmospheric
variables and PBLH with a lag of 1, 2, 3, and 4 hours are listed
in Table 3. There are significant correlations between thermal
variables (except net radiation) and PBLH with Pearson
correlation coefficients all above 0.6 (significant at the 0.01
level), which are highly consistent with the results shown in
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Figure 1: Distribution of daily averages of atmospheric variables and boundary layer height for 42 selected days (see Table 2 for abbreviations).

Table 2. It is also clear that stronger significant correlations
exist between variables and the PBLH 2-3 hours later. The
Pearson correlation coefficients between surface temperature,
surface air temperature, and PBLH 2 hours later are 0.70
and 0.68, respectively. Upward long wave radiation, upward
short wave radiation, and downward short wave radiation
are more highly correlated with PBLH 3 hours later. The
correlation coefficients are 0.72, 0.69, and 0.61, respectively.
Downward long wave radiation is different from the others.
It is more highly correlated with PBLH at the same time.

Besides, with the correlation coefficient of 0.63, sensible
heat flux highly correlates with PBLH at the same time or
about 1 hour later. Among radiation variables, net radiation
correlates worst with PBLH. However, the PBLH that lags 3
hours still correlates with net radiation significantly with the
correlation coefficient of 0.45. PBLH is negatively correlated
with both atmospheric pressure and surface relative humidity,
although the correlations are not as significant as those with
above thermal variables. For the lagging effect, the PBLH
changes about 2 hours after a change in relative humidity.
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Table 3: Statistical correlations between different atmospheric variables and PBLH with a delay of 1–4 hours (𝑇0 : surface air temperature; 𝑇s :
surface temperature; H: sensible heat flux; RH: surface relative humidity; P: atmospheric pressure; 𝑅lu , 𝑅su , 𝑅ld , and 𝑅sd : upward long wave and
short wave radiation and downward long wave and short wave radiation, respectively; 𝑅𝑛 : net radiation; r: Pearson correlation coefficient).
Variables
𝑇0
𝑇s
H
RH
P
𝑅lu
𝑅ld
𝑅sd
𝑅su
𝑅𝑛

∗∗

At the same time
r
0.65∗∗
0.68∗∗
0.63∗∗
−0.41∗∗
−0.31∗∗
0.57∗∗
0.51∗∗
0.29∗∗
0.17∗∗
−0.15∗∗

PBLH 1 h later
r
0.67∗∗
0.70∗∗
0.63∗∗
−0.43∗∗
−0.29∗∗
0.67∗∗
0.51∗∗
0.54∗∗
0.41∗∗
0.18∗∗

PBLH 2 h later
r
0.68∗∗
0.70∗∗
0.61∗∗
−0.43∗∗
−0.25∗∗
0.72∗∗
0.50∗∗
0.68∗∗
0.57∗∗
0.40∗∗

PBLH 3 h later
r
0.68∗∗
0.70∗∗
0.57∗∗
−0.41∗∗
−0.20∗∗
0.72∗∗
0.48∗∗
0.69∗∗
0.61∗∗
0.45∗∗

PBLH 4 h later
r
0.67∗∗
0.68∗∗
0.52∗∗
−0.37∗∗
−0.16∗∗
0.71∗∗
0.46∗∗
0.66∗∗
0.60∗∗
0.43∗∗

Significant correlation at the 0.01 significance level.

To identify any relation and influence radius in the
vertical direction, Table 4 shows the statistical correlations
between PBLH and air temperature at different heights for
different times. At 10:00 BJT, only air temperature below
1000 m is correlated with PBLH, but after 12:00 BJT, air temperature within 5000 m is significantly correlated with PBLH.
In addition, the highest correlation between PBLH and air
temperature below (above) 1000 m occurs at 12:00 (14:00) BJT,
and the Pearson correlation coefficient is 0.75 (0.64). Thermal
forcing is the driving factor for the development of daytime
mixed layer (10:00–18:00 BJT). However, only small amount
of solar radiation is absorbed by air in the boundary layer;
most (about 90%) is delivered to the surface. In turn it forces
development of PBL through turbulent transport. In the
vertical direction, the forcing effect of surface decreases with
height, and temporal variation in air temperature at higher
altitude is less significant [1]. So the Pearson correlation coefficient between air temperature and PBLH is highest at the
surface and decreases with height for all times. Also, the air
temperature correlates with PBL most significantly at noon
when thermal turbulent transport is strongest. Additionally,
for the whole troposphere, the ground surface is the main
heat source, so the air temperature in the free atmosphere also
changes with the surface condition. Therefore, at 14:00 BJT,
there is still a relatively higher correlation between PBLH and
air temperature at 5 km.

4. Cases Analysis
To verify the statistical lagged correlations between variables
and PBL and discuss the physical mechanisms behind these
statistical results, the four cloudless sunny days 09 April 2008,
15 July 2007, 20 November 2007, and 5 January 2008 are
selected as typical spring, summer, fall, and winter examples
for analysis.
4.1. Synoptic Condition. Besides surface processes, synoptic
condition is also an important factor contributing to the
overall height of boundary layer. The surface pressures at

14:00 BJT of four cases are shown in Figure 2. And Figure 3
shows the time-altitude cross section of the backscatter
intensity, and the red line represents the retrieved PBLH
with the curve fitting method. From Figures 2(a) and 2(b),
Yuzhong region is controlled by weak low-surface pressure
at 14:00 BJT on 9 April 2008 and 15 July 2007. The synoptic
condition is good for PBL development. According to Figures
3(a) and 3(b), the highest PBLH are 1850 m and 2150 m on the
two cloudless sunny days, which are relatively higher than
on other two cases. From Figures 2(c) and 2(d), it can be
seen that the area is controlled by the edge of high-pressure
system at 14:00 BJT on 20 November 2007 and 5 January
2008, which indicates an aloft airflow convergence and a
surface divergence. In these cases, the PBL developments are
subsided and restricted; the highest PBLH are 1100 m and
860 m, respectively (see Figures 3(c) and 3(d)). Meanwhile,
Figure 3 also shows the times when PBLH get the maximum.
The times of the peak values are 17:30, 15:30, 17:00, and
17:00 BJT, respectively. It is not difficult to understand that the
difference on temporal variation in PBLH in different cases is
closely related to the difference on the land surface processes
and the variation in atmospheric variables. In addition, the
difference between the heights at which the signals reduce
fastest and the retrieved PBLH (red lines) is small (Figure 3),
and the corresponding times are also fairly consistent, which
support the reason of choosing the curve fitting method for
retrieving PBLH on sunny days. Before 10:00 BJT on 9 April
2008 and 15 July 2007 (Figures 3(a) and 3(b)), the retrieved
boundary layer heights are relatively higher, which may be
caused by cloud or the limitation of the method.
4.2. Temporal Variation Analysis. The temporal variations in
radiation variables are plotted in Figure 4. The downward
short wave radiation is the part of solar radiation that reaches
the surface after being attenuated by atmosphere. Then some
is absorbed by the surface and the rest is reflected back
into the atmosphere, which is upward short wave radiation.
Therefore, to all cases, the upward short wave radiation always
accompanies the downward component and has a smaller
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Table 4: Statistical correlations between PBLH and air temperature at different heights and at different times (r: Pearson correlation
coefficient).
Height
(m)
0
100
200
300
400
500
600
700
800
900
1000
1250
1500
1750
2000
2250
2500
2750
3000
3250
3500
3750
4000
4250
4500
4750
5000
∗

10:00
r
0.57∗∗
0.55∗∗
0.53∗∗
0.52∗∗
0.48∗∗
0.45∗∗
0.41∗∗
0.39∗
0.36∗
0.34∗
0.32∗
0.28
0.25
0.26
0.26
0.25
0.26
0.25
0.26
0.25
0.25
0.24
0.25
0.25
0.25
0.25
0.25

12:00
r
0.75∗∗
0.74∗∗
0.73∗∗
0.72∗∗
0.71∗∗
0.70∗∗
0.68∗∗
0.67∗∗
0.65∗∗
0.64∗∗
0.63∗∗
0.59∗∗
0.58∗∗
0.57∗∗
0.57∗∗
0.56∗∗
0.56∗∗
0.55∗∗
0.55∗∗
0.54∗∗
0.54∗∗
0.53∗∗
0.53∗∗
0.53∗∗
0.53∗∗
0.53∗∗
0.53∗∗

14:00
r
0.66∗∗
0.66∗∗
0.65∗∗
0.65∗∗
0.65∗∗
0.65∗∗
0.64∗∗
0.64∗∗
0.64∗∗
0.64∗∗
0.64∗∗
0.63∗∗
0.63∗∗
0.63∗∗
0.63∗∗
0.62∗∗
0.62∗∗
0.62∗∗
0.62∗∗
0.61∗∗
0.61∗∗
0.60∗∗
0.60∗∗
0.60∗∗
0.60∗∗
0.60∗∗
0.59∗∗

16:00
r
0.64∗∗
0.64∗∗
0.63∗∗
0.62∗∗
0.61∗∗
0.60∗∗
0.59∗∗
0.57∗∗
0.56∗∗
0.55∗∗
0.54∗∗
0.50∗∗
0.48∗∗
0.48∗∗
0.47∗∗
0.46∗∗
0.46∗∗
0.45∗∗
0.45∗∗
0.43∗∗
0.43∗∗
0.42∗∗
0.42∗∗
0.42∗∗
0.41∗∗
0.41∗∗
0.41∗∗

18:00
r
0.63∗∗
0.62∗∗
0.61∗∗
0.60∗∗
0.59∗∗
0.58∗∗
0.57∗∗
0.56∗∗
0.55∗∗
0.54∗∗
0.53∗∗
0.50∗∗
0.48∗∗
0.48∗∗
0.47∗∗
0.46∗∗
0.46∗∗
0.45∗∗
0.45∗∗
0.43∗∗
0.43∗∗
0.42∗∗
0.42∗∗
0.42∗∗
0.41∗∗
0.41∗∗
0.41∗∗

Significant correlation at the 0.05 significance level.
Significant correlation at the 0.01 significance level.

∗∗

value than the latter one. From Figure 4, it is obvious that
in the first two cases short wave radiations have higher
values than on 20 November 2007 and 5 January 2008, which
is caused by the seasonal variation of solar altitude angles
(atmospheric transparency is not considered in cloudless
sunny days). Except the synoptic condition, as the ultimate
source of energy, short wave radiation contributes to the
difference on overall PBLH to a certain extent. In addition,
for temporal variation, the downward and upward short wave
radiations reach their maximum values between 12:30 and
13:30 and then decrease rapidly. The lag time of PBLH is
less than 3 hours on 15 July 2007 and more than 3 hours for
the other three cases. Obviously, for different cases, although
the temporal variations in short wave radiation are similar,
significant differences exit at the development and lag time of
PBLH. The differences may be caused by differences on land
process in different seasons.
The upward long wave radiation mainly depends on
surface temperature. After the arrival of solar radiation, the
surface is heated and surface temperature increases gradually
until it gets the maximum. Therefore, the time that the

upward long wave radiation gets the peak value is a little
later than that of the short wave radiation. In the case of
15 July 2007, the value of the upward long wave radiation
is biggest, and in the case of 5 January 2008 it is smallest.
In the other two cases, the values are in between. The peak
values of the upward long wave radiation occur between 13:30
and 14:30, indicating that the lag times of PBLH are 3.5,
1.5, 3.5, and 2.5 hours, respectively. The temporal variation
in downward long wave radiation is different from other
radiation components. To all cases, the variable increases
until about 18:00 or begins to decrease after 17:00. Besides, the
temporal variation range of downward long wave radiation
is also smaller than others. The atmosphere absorbs both
short wave and long wave radiation, but only 15%–25% of
the short wave radiation is absorbed, and the atmosphere
mainly absorbs long wave radiation. After greenhouse gases
such as water vapor and carbon dioxide in atmosphere absorb
the long wave radiation, the atmosphere is exothermic and
downward long wave radiation is generated. So the radiation
variable often reaches the peak value at last. Meanwhile,
the downward long wave radiation is strongly influenced by
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Figure 2: Surface pressure at (a) 14:00 BJT 9 April 2008, (b) 14:00 BJT 15 July 2007, (c) 14:00 BJT 20 November 2007, and (d) 14:00 BJT 5
January 2008. Black asterisk denotes measurement site.

cloudiness and air humidity. On cloudless sunny days, the
downward long wave radiation is relatively low and has a
weak effect on surface heating. Accordingly, Table 3 shows
that downward long wave radiation is weaker, related to
PBLH, than the other three radiation variables.
Figure 4 also shows variation in net radiation. Being different from the profile of temporal average of net variation in
Figure 1, the net radiation has an obvious daily variation and
changes consistently with short wave radiation in all cases.
The variation in net radiation is the cumulative result of the
components’ variation in the radiation balance, but the short
wave radiation is the dominant one. Therefore, the lagged law
between net radiation and PBLH in different cases is similar
to that between the short wave radiation and PBLH. The
major factors that affect the net radiation are solar altitude
angles, altitude, cloud cover, and surface albedo. The altitude
and cloud cover are not considered for cloudless sunny days,
and the variation in solar altitude angles is the fundamental
factor to the difference on net radiation in different cases [29].
Figure 5 shows temporal variations in surface air temperature, surface infrared temperature, sensible heat flux, and
surface wind speed. Relative to two temperature variables,

PBLH shows a significant lag except in the case of 15 July
2007. On 17 April 2008, 20 November 2007, and 1 January
2008, the lag times are about 1, 2, and 2 hours, respectively.
On 15 July 2007, two profiles increase until about 17:00 BJT
and then begin to decrease, which are in line with the trend
of PBLH. In summer, not only is turbulent exchange stronger,
but also heat exchange between surface and atmosphere is
faster, so the lagging effect of PBLH does not show very
well. The temporal variation in sensible heat flux is different
from others. Especially in the first two cases, the sensible
heat flux even changes simultaneously with PBLH. On 20
November 2007 and 5 January 2008, PBLH changes about 1
hour later than the variable. The sensible heat flux is mainly
determined by difference between surface temperature, surface air temperature, and surface wind speed. According to
Figure 5, the difference between surface temperature and
surface air temperature may get the peak value when the two
temperature variables reach the maximum, but wind speed
(red lines) keeps increasing until 18:00, which leads to the less
lag time between PBLH and sensible heat flux.
The temporal variations in atmospheric pressure and
surface relative humidity are shown in Figure 6, which are
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Figure 3: Time-altitude cross sections of the backscatter on (a) 9 April 2008, (b) 15 July 2007, (c) 20 November 2007, and (d) 5 January 2008.

opposite to the variations in PBLH. A comparison with the
surface air temperature plotted in Figure 5 shows that the air
temperature reaches its maximum at the same time as the
surface relative humidity reaches its minimum, and the two
quantities are highly negatively correlated. Similarly, the lag
times are about 1, 2, and 2 hours on 17 April 2008, 20 November 2007, and 1 January 2008, respectively. On 15 July 2007,
the relative humidity decreases until about 16:00 BJT and
maintains its minimum about 17:00 BJT; then the tendency
of the growth appears. For atmospheric pressure, because the
variable changes weakly in all cases and the range of variation
is also small, the correlation between pressure and PBLH is
not as strong as between PBLH and other variables.
The above results show that in all cases of different
seasons the temporal variations in all variables correspond
well to that of PBLH, with upward long wave radiation,
surface temperature, and surface air temperature having
the closest correspondence. In the time domain, difference
exists at lag time of PBLH for different cases, which is
mainly caused by the seasonal variation in solar altitude

angles. In addition, surface process and turbulent exchange
intensity are different in different seasons. However, on the
whole, to most variables, the lag times of PBLH are 2 to 3
hours. PBLH changes about 3 hours later than short wave
radiation and net radiation. To upward long wave radiation,
PBLH lags 2.5–3 hours. Relative to surface temperature,
surface air temperature, and surface relative humidity, PBLH
develops about 2 hours later. Besides, PBLH changes later
than sensible heat flux less than 1 hour and consistently
with atmospheric pressure. The delays in boundary layer
response are related not only to the finite response times
of the distribution, transformation, and transmission in the
atmosphere for surface radiation energy, but also to the lag in
aerosol delivery. Using lidar data, PBLH is identified by the
vertical distribution of aerosol. However, upward transport
of aerosol only begins after sunrise, when the boundary
layer has developed in response to thermodynamic factors.
In the afternoon, the true PBLH declines rapidly with the
weakening of solar radiation, but the PBLH retrieved from
the profile of aerosol decreases slowly. In addition, delays in
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Figure 4: Temporal variations in boundary layer height (PBLH), downward short wave radiation (𝑅sd ), upward short wave radiation (𝑅su ),
downward long wave radiation (𝑅ld ), upward long wave radiation (𝑅lu ), and net radiation (𝑅𝑛 ) on (a) 9 April 2008, (b) 15 July 2007, (c) 20
November 2007, and (d) 5 January 2008.

PBLH may also reflect the influence of dynamical factors such
as wind shear. Northwest China is in a region dominated by
westerlies, and the atmospheric circulation background that
influences the formation and development of the boundary
layer has some special characteristics [30]. However, the
correlation between wind shear and PBLH is not considered
due to the limitations of wind data.

5. Conclusions
In this study, the statistical relationships between surface
parameters and the PBLH are quantified using surface observational data and lidar-derived PBLH on 42 cloudless days
from June 2007 to May 2008. The vertical dependence of
PBLH on air temperature is also investigated. Then through
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Figure 5: Temporal variations in boundary layer height (PBLH), sensible heat flux (𝐻), surface temperature (𝑇𝑠 ), surface air temperature
(𝑇0 ), and surface wind speed (WS) on (a) 9 April 2008, (b) 15 July 2007, (c) 20 November 2007, and (d) 5 January 2008.

temporal variations on the four typical cases 15 July 2007, 20
November 2007, 5 January 2008, and 9 April 2008 in different
seasons, the lagged laws between different variables and
PBLH, as well as the physical mechanisms behind statistical
correlations, are specifically discussed. The conclusions of the
study are as follows.

have significant positive correlations with PBLH. The
response time to thermal forcing of the surface and
atmosphere, together with aerosol transmission delay,
means that the development of the boundary layer
lags behind changes in the driving variables with
different lag times for different variables.

(1) Among the atmospheric variables (not including
dynamic factors), thermal variables such as radiation
variables, surface temperature, and sensible heat flux

(2) On different cases, the lag correlation laws between
PBLH and variables are different (especially on 15 July
2007). But on the whole, only downward long wave
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Figure 6: Temporal variations in boundary layer height (PBLH), surface relative humidity (RH), and atmospheric pressure (𝑃) on (a) 9 April
2008, (b) 15 July 2007, (c) 20 November 2007, and (d) 5 January 2008.

radiation changes synchronous with PBLH. Changes
in the boundary layer occur 3 hours later than changes
in downward and upward short wave radiation,
upward long wave radiation, and net radiation. The
lag time of PBLH is about 2 hours relative to surface
temperature and surface air temperature, and PBLH
lags behind surface sensible heat flux about 1 hour.

(3) Surface relative humidity and atmospheric pressure
are weakly negative correlative to PBLH. PBLH
changes about 2 hours later than surface relative
humidity.
(4) The vertical dependence of PBLH on air temperature
is greatest near the surface and decreases with height.
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The most significant correlation between air temperature below (above) 1000 m and PBLH occurs at 12:00
(14:00) BJT.

Although above important conclusions have been gotten,
there are still several unresolved problems. Firstly, curve
fitting is an effective method for calculating PBLH with lidar
data but is limited to cloudless sunny days. The number
of cases and their seasonal distribution are constrained by
data availability. While the statistical results are representative they also have some limitations. Secondly, as a major
dynamical factor, wind shear affects the thermal transmission
and diffusion capacity of the atmosphere and is significantly
correlated with the development of the boundary layer in
theory. However, the variable is not considered here because
of the limited amount of available data. This analysis is
focused on determining the statistical correlation between
PBLH and conventional atmospheric variables based on
routine observations at SACOL and providing basis and
support for the assimilation of PBLH in numerical weather
predictions over the Northwest China. But for the study
understanding and awareness about how the meteorological
conditions affect the development of the boundary layer in
the Yuzhong area are not deep enough.
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The applicability of a new soil hydraulic property of frozen soil scheme applied in Community Land Model 4.5 (CLM4.5), in
conjunction with an impedance factor for the presence of soil ice, was validated through two offline numerical simulations
conducted at Madoi (GS) and Zoige (ZS) on the Tibetan Plateau (TP). Sensitivity analysis was conducted via replacing the new
soil hydraulic property scheme in CLM4.5 by the old one, using default CLM4.5 runs as reference. Results indicated that the new
parameterization scheme ameliorated the surface dry biases at ZS but enlarged the wet biases which existed at GS site due to ignoring
the gravel effect. The wetter surface condition in CLM4.5 also leads to a warmer surface soil temperature because of the greater heat
capacity of liquid water. In addition, the combined impact of new soil hydraulic property schemes and the ice impedance function
on the simulated soil moisture lead to the more reasonable simulation of the starting dates of freeze-thaw cycle, especially at the
thawing stage. The improvements also lead to the more reasonable turbulent fluxes simulations. Meanwhile, the decreased snow
cover fraction in CLM4.5 resulted in a lower albedo, which tended to increase net surface radiation compared to previous versions.
Further optimizing is needed to take the gravel into account in the numerical description of thermal-hydrological interactions.

1. Introduction
Land surfaces, by affecting water and energy flows between
the ground and the atmosphere, have a significant impact on
weather forecasting as well as climate change. At present, the
importance of land surface processes is widely recognized
[1–7]. Meanwhile, in recent years, due to the complexity of
land surface processes and the limitation of observations, the
land surface models have become the major tool for landatmosphere interaction studies [6, 8–11].
The soil is the main body of land surface processes,
connecting the earth spheres. The soil freeze-thaw process
is an important parameter in the land surface and atmospheric modeling. The variations of soil temperature and soil
moisture are indicators of frozen soil. Owing to the great

gap of thermal conductivity and thermal capacity between
liquid water and ice, the accuracy of simulated soil moisture
can directly affect the calculation of thermal properties
and thermal conductivities during freezing-thawing period.
Meanwhile, the phase transition of soil moisture spends
much of the energy exchanged between the atmosphere and
the soil. The energy liberation and the energy absorption
during the period change the distribution characteristics of
ground temperature and also the pattern of energy. The
soil temperature and soil moisture simulations should be
considered prior to the assessment of land surface model
performance.
The Tibetan Plateau (TP), which is characterized by
flat topography and high elevation, plays an essential role
in atmospheric circulation [12, 13], extreme weather in the

2
Eastern Asia region [14–16], and even the global climate
[17, 18]. With large amounts of year-round permafrost and
seasonal frozen soil coverage, the TP also has its unique position in land surface process. In seasonal frozen soil area on
the TP, the energy release and absorption during the freezingthawing cycle of soil lead to the redistribution of energy
and water between the ground and the atmosphere. It could
change the surface albedo, the thermal and water properties
of soil, the ground evaporation, and vegetation conditions.
However, at present, compared with other regions, relatively
fewer studies considered land surface process on the TP due
to its harsh natural conditions. But the complex mechanisms
of physical and chemical changes during freezing-thawing
cycle on the TP, including the energy transfer, phase changes,
and salt accumulation [19, 20], are not accounted for during
numerical simulation. Deep researches of land surface processes on the TP region and their climatic effects are critical
for further understanding of the East-Asian atmospheric
circulation as well as global climate changes [1, 21–23].
The Community Land Model (CLM) is one of the most
widely used land surface models in the world. Many previous
works have confirmed its simulation ability in different
regions [24–26]. The numerical expression of land surface
processes determines the model performance. Based on
biases in carbon cycle simulated by Community Climate
System Model (CCSM4), Swenson et al. attribute them to
the excessively dry soils simulation in permafrost regions
partly. By replacing the dependence on total water content
with liquid water content only, they modified the calculation
of the hydraulic properties of frozen soil. They also incorporated an ice impedance function. The CLM adopted this
modification and applied it to the latest version CLM4.5.
Although Swenson et al. have demonstrated the improvement
of soil moisture simulation in high-latitude permafrost area,
they mostly focused on the accompanied improvement on
the biogeochemical cycle simulation, such as gross primary
production, net primary production, and vegetation carbon storage in permafrost regions. The applicability of the
modified formulation and its possible effect on the soil
temperature, soil moisture, and energy flux components
during freeze-thaw cycle for the seasonal frozen soil region on
the TP are ambiguous. Based on the significant impact of the
soil mechanical components on the hydrothermal properties
[6], this study mainly aims to assess the performance of the
modified scheme in CLM4.5 during freeze-thaw cycle on
the TP at two sites with entirely different soil textures via
sensitivity analysis, using the default CLM4.5 runs as reference. This work can demonstrate the specific improvements
of the formula in terms of energy fluxes and hydrothermal
circulation in CLM4.5 during freeze-thaw period on the TP
and also detect the existing inadequacies, thus providing a
basis for model development in the future.

2. Method
2.1. Model Descriptions. CLM simulates the partitioning of
mass and energy from the atmosphere, redistributes the mass
and energy of the land surface, and then exports the fresh
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water and heat to the oceans [25]. It is the land component
of the Community Climate System Model (CCSM) and the
Community Earth System Model (CESM) [27]. CLM4.5 is an
upgrade of CLM4.0. The biogeophysical processes in CLM4.0
include solar and longwave radiation interactions with the
vegetation canopy and soil; momentum and turbulent fluxes
from canopy and soil; heat transfer in soil and snow; hydrology of canopy, soil, and snow; and stomatal physiology and
photo synthesis [27]. The detailed description of how these
processes are parameterized can be found in the CLM4.0
Technical Description [28]. Main parameterizations revised
in CLM4.5 include new hydraulic properties of frozen soils
and the introduction of an ice impedance function [24]; a
new snow cover fraction parameterization [25]; a completely
revised lake model [29]; a revised canopy radiation scheme;
and revisions to photosynthetic parameters [30]. In addition,
compared to CLM4.0, CLM4.5 uses U.S. Geological Survey
(USGS) global data, including 25 kinds of functional types
(PFT), in 30-second intervals and 17 kinds of soil types
from the Food and Agriculture Organization (FAO) and the
State Soil Geographic (STATSGO) dataset that determine
the soil thermal and hydrological properties. Biogeophysical
processes in CLM are simulated for each subgrid land unit,
column, and plant PFT independently and each subgrid unit
maintains its own prognostic variables. Detailed information
can be found in the Technical Description of the CLM4.5
published by the National Center for Atmospheric Research
(NCAR) [31]. The performance of previous versions of CLMs
has been confirmed on the TP [10, 19, 20, 32–34].
2.2. Theory. CLM uses Darcy’s law to describe the vertical
flux of water, which depends on the hydraulic conductivity
𝑘 and the soil matric potential 𝜓. Meanwhile, both of the
two values are functions of soil moisture content. They are
expressed as
𝜃 2𝐵+3
,
𝑘 = 𝑘sat ( )
𝜙
𝜃 −𝐵
𝜓 = 𝜓sat ( ) ,
𝜙

(1)

where 𝜃 is the volumetric soil moisture content (mm3 mm−3 ),
𝜙 is the porosity of soil, 𝑘sat is the saturated hydraulic conductivity (mm s−1 ), 𝜓sat is the saturated soil matric potential
(mm), and 𝐵 is based on soil texture [24, 31].
However, the calculation of soil hydraulic properties of
frozen soils in CLM4.0 depends on the total water content
(𝜃 = 𝜃liq + 𝜃ice ). Based on this calculation, the hydraulic
properties of soil would not respond to the phase changes
of soil water directly. The gradient of soil matric potential
would be failure to couple to the soil thermal gradient and the
observed migration of water towards a freezing front [24, 35].
In CLM4.5, the calculation of the hydraulic properties of
frozen soils was modified by replacing their dependence on
total water content with liquid water content only (𝜃 = 𝜃liq ).
Meanwhile, an ice impedance function 𝑓f rz was also incorporated. The power-law formulation effectively increased the
consistency between soil water state and water table position
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and allows for a perched water table above icy permafrost
ground [24]. The formulations are presented as follows:

exp [−𝛼 (1 − 𝑤ice / (𝑤liq + 𝑤ice ))] − exp (−𝛼)
1 − exp (−𝛼)

85∘ E

90∘ E

95∘ E

100∘ E

(2)
,

where 𝑤liq and 𝑤ice are the liquid and solid water contents of
the top soil layer and 𝛼 is constant which is defined as 3 in the
model. The dependence of 𝑓frz on 𝑤liq limits the maximum
value to less than 1 due to the presence of supercooled liquid
water [24]. 𝑓frz is close to 1 on the complete stage then
rapidly decreases while melting begins. Thus it accelerates the
infiltration rates.
2.3. Sites Description. Simulations were conducted at two
typical sites on the TP (Figure 1). Madoi (35∘ 01 N, 97∘ 39 E,
altitude 4272 m) site is situated near the Lake Gyaring and
the Lake Ngoring on the eastern part of TP. It locates in the
seasonal frozen soil region and the climate classification is
“cold and semiarid continental.” According to the data from
China National Climate Center, the average temperature
from 1953 to 2012 is −3.7∘ C and the annual mean precipitation
is 350 mm. The land surface is covered with alpine steppe
and the soil contains large amounts of gravel. Zoige grassland
(33∘ 89 N, 102∘ 14 E, altitude 3,423 m) locates in the Gannan
Tibetan Autonomous Prefecture, Gansu Province, China.
It is situated in the eastern TP. Generally, the climate at
this site is cold and damp with wet mild summers and
dry cold winters. The annual mean temperature from 1981
to 2010 is 1.9∘ C and the annual mean precipitation value
is 593 mm according to the climate data measured at a
meteorological station (34∘ 00 N, 102∘ 08 E, altitude 3,471 m)
located approximately 14 km north of the Zoige grassland site.
The grassland is dominated by Cyperaceae and Gramineae
with an average height of about 0.2 m [36]. The topography is
flat and homogenous and the soil is silt clay loam composed
of 29.8% sand, 66.7% silt, and 3.5% clay in the top 40 cm [36].
2.4. Field Measurements. The observation site, Grass Station
(GS, 34∘ 54 N, 97∘ 33 E) at Madoi, is located on the alpine grass
on the west side of Ngoring Lake with a distance of 1.7 km to
lake. The Zoige Grassland Station (ZS, 33∘ 89 N, 102∘ 14 E) is
located in an alpine meadow grassland.
At GS site, the sensible heat flux and latent heat flux were
measured with the eddy covariance system (EC), consisting
of a three-dimensional sonic anemometer (CSAT3, Campbell
Scientific, Inc.) and an open-path CO2 /H2 O infrared gas
analyzer (IRGA; LI 7500, LI-COR, Inc.). The eddy covariance
system was mounted at a height of 3.2 m above the land
surface, and the sensor signals were recorded by a data logger
(CR3000, Campbell Scientific, Inc.) at a 10-Hz frequency. The
incoming and outgoing shortwave and longwave radiation
were measured with a net radiometer (CNR-1/CNR-4, Kipp
and Zonen) at 1.5 m above the ground, respectively. Besides,
the soil water content and temperature were measured at
soil depths of 0.05, 0.10, 0.20, 0.40, and 0.80 m with CS616

105∘ E
N

40∘ N

𝜃 2𝐵+3
,
𝑘 = (1 − 𝑓frz ) 𝑘sat ( )
𝜙
𝑓frz =

80∘ E

40∘ N

35∘ N

35∘ N

30∘ N

30∘ N

25∘ N

25∘ N
75∘ E

80∘ E

85∘ E

90∘ E

95∘ E

100∘ E

105∘ E

Madoi
Zoige

Figure 1: The Tibetan Plateau (TP), the locations of the Madoi site
and the Zoige site.

and 109L, respectively (Campbell Scientific, Inc.). The air
temperature and relative humidity sensors (HMP-45C) were
also installed at a height of 3.2 m. Precipitation was measured
with a weighing gauge (T200B, Geonor, Norway). Soil heat
flux was measured using heat flux plates (HPF01) buried at 5
to 10 cm.
The EddyPro flux analysis software was used for data
corrections in the postprocessing of 10 Hz EC data. Corrections such as time lag compensation spike and trend remove
and coordinate rotation were also applied to the original
data. Meanwhile, the raw virtual air temperature was also
converted to air temperature. The water vapor fluxes were
also amended using Webb-Pearman-Leuning (WPL) density
correction [37].
At ZS site, the sensible heat flux and latent flux were
also measured with the EC, consisting of a three-dimensional
sonic anemometer (CSAT3, Campbell Scientific, Inc., Logan,
UT, USA) and an open-path fast response infrared gas
analyzer (LI-7500, LI-COR Biosciences Inc., Lincoln, NE,
USA). Separation distance between the gas analyzer and
sonic anemometer sensors was 0.15 m. Both sensors were
mounted 3.15 m above the soil surface. The air temperature
and relative humidity sensor (HMP-45C, Vaisala, Helsinki,
Finland) was also installed at the same height, which was used
for correction of flux measurements for density effects due to
heat and water vapor transfer. Similar to the measurements
conducted at GS, signals from EC instrumentation were
also recorded at rates of 10 Hz, and the raw data were
stored in a CR3000 data logger (Campbell Scientific, Inc.).
Net radiation (𝑅𝑛 ) was measured at 1.5 m height with a
four-component net radiometer (CNR-1, Kipp and Zonen,
Delft, Netherlands). Precipitation was also measured with a
weighing gauge (T200B, Geonor, Norway). Soil temperature
and soil volumetric water content were measured at five
layers (5, 10, 20, 40, and 80 cm depths) with CS107 temperature probes (Campbell Scientific, Inc.) and CS616 timedomain reflectometer (TDR) probes (Campbell Scientific,
Inc.), respectively. Soil heat flux was measured using heat flux
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Figure 2: The main forcing data at Madoi (left panel, from 6/1/2013 to 12/31/2014) and Zoige site (right panel, from 6/1/2009 to 12/31/2014) on
the Tibetan Plateau (TP). (a1), (a2) Temperature (∘ C); (b1), (b2) incident solar (W m−2 ); (c1), (c2) specific humidity (%); (d1), (d2) precipitation
(mm day−1 ).

plates (HPF01, Wohlwend Engineering, Sennwald, Switzerland) buried 2 and 7 cm below the soil surface. Signals from
meteorological and soil sensors were recorded at half-hourly
averages with a CR23XTD data logger (Campbell Scientific,
Inc.) [36].
Similar to the GS site, the raw data from ZS site from
EC were processed with EddyPro flux analysis software.
Spike and trend remove and coordinate rotation were also
applied to the raw data as well as the coordinate rotation.
Turbulent heat fluxes (the sensible heat flux and latent heat
flux) were calculated with 30 min average and also adjusted
for fluctuations in air density due to water vapor. Sporadic
missing data at these two sites were replaced through linear
interpolation combined with other meteorological factors.
The data used in this study spanned the period from
6/1/2013, to 12/31/2014, at the GS, and 6/1/2009, to 12/31/2010,
at the ZS (Figure 2). To run the CLM model, seven

meteorological elements were required to force the model,
including air temperature (𝑇), relativity humidity (RH),
pressure (𝑃), wind speed (𝑊), precipitation (𝑝), downward
longwave radiation (DLR), and shortwave radiation (DSR).
Considering the model spin-up, the first 6-month simulations (from June to December) at these two sites were
discarded and regarded as the 6-month model spin-ups.
2.5. Model Setup. In this study, we use CLM4.5 in offline
mode. In order to examine the capability of the new soil
hydraulic parameterization scheme in CLM4.5, two numerical simulations were conducted. One is called control simulation (hereafter referred to as CTL), in which model run
with the default new soil hydraulic parameterization scheme
in CLM4.5; another is called sensitivity simulation (hereafter
referred to as EXP), in which the new soil hydraulic properties
formulas in CLM4.5 were replaced with the original ones
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Table 1: Values of soil parameters for different soil layers at GS site.

Layer
1
2
3
4
5
6
7
8
9
10

Depth 𝑧 (m)
0.0175
0.0451
0.0906
0.1655
0.2891
0.4929
0.7289
1.3828
2.2961
3.8019

Sand (%)
38.64
38.64
68.60
65.41
65.41
94.03
93.42
94.17
94.17
91.52

Clay (%)
26.96
26.96
14.21
21.28
21.28
3.44
2.69
3.97
3.97
4.32

Organic (kg m−3 )
85.00
75.12
40.14
31.37
18.14
1.92
1.18
1.10
0.00
0.00

Canopy height/m

Covered-area (alpine-meadow)

0.05

55%

Canopy height/m

Covered-area (alpine-meadow)

0.20

100%

Table 2: Same as Table 1, but ZS site.
Layer
1
2
3
4
5
6
7
8
9
10

Depth 𝑧 (m)
0.0175
0.0451
0.0906
0.1655
0.2891
0.4929
0.7289
1.3828
2.2961
3.8019

Sand (%)
19.25
19.25
28.39
28.39
28.04
32.66
46.47
68.35
87.11
92.01

Clay (%)
2.67
2.67
3.01
3.77
3.97
3.65
1.84
1.82
1.62
1.54

Soil organic (kg m−3 )
120.40
120.40
82.53
82.53
53.15
28.91
6.62
1.67
0.00
0.00

in CLM4.0. The soil compositions parameters in the model
at these two sites were settled based on field observations
(Tables 1 and 2).

3. Results
3.1. Soil Liquid Water. The accuracy of soil liquid water
content simulation is a significant indicator to assess the modeling capabilities of land surface models. The phase transition
of soil moisture proceeds with energy absorption and release.
Accurate soil liquid water content simulation has important
influence on the energy redistribution between ground and
atmosphere. Meanwhile, different volume partitions between
ice and liquid water in the soil column could lead to different
soil permeability. In addition, owing to the great huge gaps of
thermal conductivity and thermal capacity between ice and
liquid water, the soil liquid water content simulation could
directly affect the accuracy of simulated soil temperature. In
previous hydraulic properties formulas, the effect of ice on
the flow of water through frozen soil is considered as a minor
factor. Water in the surface layer would fail to contribute more
subsurface runoff before it drains from the active layer into
deeper frozen layers. And this leads to excessively dry soils
in frozen soil regions [24]. In the new hydraulic properties
parameterization schemes, the effect of ice on the surface
layer of the hydraulic conductivity has been enlarged. The
calculation of the hydraulic properties of frozen soils was
modified by placing their dependence on liquid water content

only. Thus, the existence and the quantity of ice would exert
a significant effect on the hydraulic conductivity. The new
schemes tended to reduce the dry bias existing in surface
and subsurface layers with effect of decreasing the hydraulic
conductivity and increasing the surface runoff. Figure 3
showed the comparison of simulated soil liquid water content
between CTL and EXP simulations and also the differences
between these two simulations (CTL minus EXP). Overall,
new schemes in CTL tended to calculate more soil liquid
water content at both of these two sites, especially in the
subsurface layer. Compared to GS site, the increase at ZS site
is more obvious. The high value centers of the increments at
these two sites tended to occur in spring. Under the control
of 𝑓frz , the hydraulic conductivity of soil in winter is tiny until
ice thawing. While thawing occurs in spring, the permeability
increased rapidly. The liquid water content in the subsurface
layer also increased.
The relationships between precipitation and soil liquid
water content at different sites were illustrated in Figure 4
(ZS) and Figure 5 (GS), respectively. In general, the simulated
peaks of soil liquid water were consistent with the rainfall.
The response of the simulated soil water in a 5 cm layer to
precipitation was more rapid than other layers, but in smaller
amplitudes at these two sites. As shown in Figure 4, the
model could capture the variations of measured values and
the simulated peaks of soil liquid water content were well consistent with the maximum rainfall. The simulated soil liquid
water content rapidly increases as rainfall occured. Compared
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Figure 3: Profile of soil moisture differences (DIFF, CTL minus EXP) at different sites ((a) GS, (b) ZS).

to EXP simulation, CTL simulated wetter soil conditions in
these four layers and decreased dry biases effectively (Figures
4(b)–4(e)). Simulation of CTL was captured better with the
variation of observed soil liquid water content compared with
EXP. The average correlation coefficient and bias of CTL
(EXP) are 0.65 (0.55) and 0.03 (0.04) m3 m−3 (Table 3).
However, as shown in Figure 5, the model tended to overestimate the soil moisture in shallow layers (5 cm, 20 cm) but
underestimate the soil moisture in deep layers (40 cm, 80 cm).
It is noted that both of these two simulations conducted at GS
sites tended to overestimate the soil liquid content in general.
The new formulars in CTL enlarged the overestimation in
some time periods. New schemes in CTL conducted at ZS site
increased the soil liquid water content in spring and summer
and decreased the existing dry bias effectively. In contrast,
modification in CTL conducted at GS played a negative role in
this period. Pan et al. [38] have concluded that the existence of
gravel enhanced soil drainage of the subsurface and increased
the surface runoff, which could cause the gravel soil to be
dryer than fine soil. Lacking consideration of the effect of
gravel in the hydraulic properties schemes, in both CTL and
EXP, might cause the overestimated soil water content. Owing
to the wetter bias existing in EXP at GS, the new formular
in CTL tended to cause larger bias compared to observation
(Table 4). So, in order to get more reasonable results, refining

Table 3: Statistical results of simulated soil liquid water content
from CTL and EXP at ZS site.
5 cm

20 cm

40 cm

80 cm

Average

0.73
0.64

0.74
0.68

0.71
0.63

0.40
0.26

0.65
0.55

−0.05
−0.07

0.04
0.02

−0.02
−0.04

−0.02
−0.04

0.03
0.04

𝑟
CTL
EXP
Bias (m3 m−3 )
CTL
EXP

improvements of the hydraulic conductivity and the thermal
conductivity parameterized schemes are needed.
3.2. Soil Temperature. The soil temperature simulation
depends on the accuracy of simulated soil thermal conductivity and heat capacity. The thermal conductivity and the
heat capacity of ice are 2.2 W m−1 K−1 and 1.9 MJ m−3 K−1 ,
while those of the liquid water are 0.56 W m−1 K−1 and
4.2 MJ m−3 K−1 , respectively. Based on these great gaps, the
soil moisture simulation could influence the simulated soil
temperature directly. Figure 6 showed the comparison of
simulated soil temperature from CTL and EXP simulation
and also the differences between these two simulations
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Figure 4: Daily average precipitation (mm day−1 ) (a) and soil
moisture (m3 m−3 ) at (b) 5 cm, (c) 20 cm, (d) 40 cm, and (e) 80 cm
at ZS site.

(CTL minus EXP). Owing to wetter soil conditions in CTL
conducted at the two sites, the relatively larger heat capacity of
liquid water in the soil made the simulated soil warmer than
that from EXP simulation. Temperature difference between
CTL and EXP was more obvious at ZS site.
Comparisons of simulated soil temperature with observations at certain depths at different sites were shown in
Figure 7 (ZS) and Figure 8 (GS), respectively. The simulated
soil temperatures in CTL and EXP are generally close to

5/1/2014

9/1/2014

OBS
CTL

EXP
(e)

Figure 5: Same as Figure 4 but at GS site.

the measurements in shallow layers and obviously underestimated in deep layers (Tables 5 and 6). Also, the amplitudes
of simulated soil temperature at 5 cm depth are smaller
compared to the observations.
3.2.1. Freeze/Thaw Cycle of Soil. Four freeze/thaw stages were
identified: the completely frozen stage (the maximum daily
soil temperature below 0∘ C); the thawing stage (the soil
column profile is experiencing thawing process); the completely thawed stage (the minimum daily soil temperature
stay above 0∘ C); and the freezing stage (the soil column is
experiencing freezing process). Meanwhile, ground diurnal
freeze/thaw cycles were judged to have occurred when the
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Table 6: Same as Table 5 but at GS site.

Table 4: Same as Table 3 but at GS site.
5 cm

20 cm

40 cm

80 cm

Average

5 cm

20 cm

40 cm

80 cm

Average

0.95
0.95

0.96
0.96

0.97
0.97

0.98
0.98

0.97
0.97

1.30
1.27

1.58
1.57

1.39
1.38

0.32
0.32

1.15
1.14

𝑟

𝑟
CTL
EXP

0.49
0.50

0.56
0.60

0.47
0.43

0.86
0.86

0.60
0.60

0.04
0.04

−0.01
−0.04

−0.02
−0.02

0.00
−0.01

0.02
0.03

Bias (m3 m−3 )
CTL
EXP

Table 5: Statistical results of simulated soil temperature from CTL
and EXP at ZS site.
5 cm

20 cm

40 cm

80 cm

Average

0.94
0.94

0.98
0.98

0.98
0.98

0.99
0.98

0.97
0.97

0.79
0.84

−0.13
0.01

−1.17
−1.01

−0.27
−0.12

0.59
0.50

𝑟
CTL
EXP
Bias (∘ C)
CTL
EXP

daily maximum soil temperature was above 0∘ C and the
minimum soil temperature was subzero. In order to avoid
the potential impact of random weather processes on the

CTL
EXP
Bias (∘ C)
CTL
EXP

judgement, the occurrence of three consecutive days meeting
a chosen set of criteria was used as an indicator of the
transition, and the first day was recorded as the starting date
of the next freeze/thaw stage [39]. Based on this assumption,
four freeze/thaw stages at depth of 10 cm were identified
at the two sites (Figure 9 and Table 7). Figures 10 and 11
presented the observed and simulated diurnal variations of
soil temperatures at 10 cm under the surface on each stage at
these two sites. One month in each stage was selected as a
representative.
Based on the observations at ZS (GS), the soil was completely frozen on 1/1/2010 to 3/19/2010 (1/1/2014 to 3/27/2014),
thawing on 3/20 to 4/3 (3/28 to 5/2) until completely thawed
on 4/4 to 11/11 (5/3 to 10/20), and refreezing on 11/12 (10/21).
Compared to EXP, the CTL performed better at ZS site for
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Figure 7: Daily average soil temperature (∘ C) at (a) 5 cm, (b) 20 cm, (c) 40 cm, and (d) 80 cm at ZS site.

simulating the starting dates of four stages, especially on
the thawing stages. Because the hydraulic conductivity was
calculated based on liquid water content in the CTL, the
movement of water through frozen soil decreased greatly
while porosities in the surface layer were filled with ice.
As surface ice melted at progressively deeper depths, water
infiltrates further into the deeper layer. However, in the old
scheme in the EXP, the relatively warm water could infiltrate
in the deeper frozen layer while the surface was icy, thus
making the deeper layer begin to melt immediately. This
led to the advanced melting date. In addition, due to the
wetter surface during simulation at ZS site, an increased heat
capacity in the surface ground induced the decrescent diurnal
range of soil temperature during the freezing-thawing process

and the simulated surface soil temperature agreed better with
the observed in the completely frozen and thawed stages than
that in the freezing-thawing periods. For the simulations of
starting dates of the four soil freeze-thaw stages at GS site, the
new soil hydraulic properties scheme did not show prominent
advantages due to its undistinguished performance of soil
temperature in simulations on the surface. Both of these two
schemes tended to simulate longer thawing/freezing stage but
shorter thawed/frozen stage compared to the observation.
The wetter surface conditions were simulated at GS site
releasing (absorbing) more energy in the freezing (thawing)
stage, which expanded the daily amplitudes of surface soil
temperatures compared to the observations (Figures 11(b)
and 11(d)).
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Figure 8: Daily average soil temperature (∘ C) at (a) 5 cm, (b) 20 cm, (c) 40 cm, and (d) 80 cm at GS site.

3.3. Surface Energy. CLM follows the principle of surface
energy balance:
𝑅𝑛 = 𝐻 + LE + 𝐺,

(3)

where radiation flux (𝑅𝑛 ) is the difference between the surface absorbed shortwave radiation and the surface effective
radiation. Sensible heat flux (𝐻) is the energy flux transferred
due to turbulent motion. Latent heat flux (LE) is the energy
flux transferred due to the phase change of water vapor.
Surface soil heat flux (𝐺) is the energy transferred between
soil and the atmosphere through the surface ground. When
the atmosphere transmits energy to the soil, 𝐺 is positive,
but when the soil transmits energy to the atmosphere, it is
negative.
Because energy components data at GS site were missing
for a long time during the studied period, we have not

analyzed that site. We also conducted the offline simulation
using CLM4.0 with the same model parameter definitions
used in CTL during 2010 at ZS site helping to make the
assessment more completely. We defined the runs of CLM4.0
as EXP1, to distinguish them from the EXP. Sensitivity
analysis of EXP has also been carried out. Figure 12 illustrated
the difference between the CTL and sensitivity experiments
(CTL minus EXP1, CTL minus EXP) on 1/1/2010–12/31/2010.
As shown in Figure 12, compared to CLM4.0, CLM4.5
increased simulation of latent heat flux and decreased the
sensible heat flux. Guo et al. [39] have expounded the negative
correlation between sensible heat flux and latent heat flux
and the positive correlation between the diurnal range of
latent heat flux and liquid water content. The prominent
reduction in 𝐻 and the increasing in LE simulations indicated
the wetter soil conditions simulated in CLM4.5 compared
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Table 7: Four freeze-thaw stages determined the daily maximum and minimum soil temperatures at 10 cm under the surface (month-days).
Frozen

Thawing

Thawed

Freezing

1/1/−3/27/2014
(86 days)
1/1−3/4/2014
(63 days)
1/1−3/4/2014
(63 days)

3/28/−5/2/2014
(36 days)
3/5/−4/29/2014
(56 days)
3/5/−4/29/2014
(56 days)

5/3/−10/20/2014
(171 days)
4/30/−9/26/2014
(150 days)
4/30/−9/26/2014
(150 days)

10/21/−12/31/2014
(72 days)
9/27/−12/31/2014
(96 days)
9/27/−12/31/2014
(96 days)

1/1/−3/19/2010
(78 days)
1/1/−3/11/2010
(70 days)
1/1/−2/17/2010
(48 days)

3/20/−4/3/2010
(15 days)
3/12/−3/28/2010
(17 days)
2/18/−4/13/2010
(55 days)

4/4/−11/11/2010
(222 days)
3/29/−11/12/2010
(229 days)
4/14/−11/11/2010
(212 days)

11/12/−12/31/2010
(50 days)
11/13/−12/31/2010
(49 days)
11/12/−12/31/2010
(50 days)

GS
OBS
CTL
EXP
ZS
OBS
CTL
EXP

250

200

200

(Days)

(Days)

150

100

150

100
50

0

50

0
Frozen

Thawing

Thawed

Freezing

EXP

OBS
CTL
(a)

Frozen

Thawing

Thawed

Freezing

EXP

OBS
CTL
(b)

Figure 9: Observed and simulated days in each freezing and thawing stage at different sites. (a) is for the GS site. (b) is for the ZS site.

to CLM4.0. Actually, to simulate the environment more
realistically, CLM4.5 computed the surface fluxes separately
for snow-covered and snow-free fractions of a grid cell, rather
than the uniform snow cover assumption adopted in previous
versions [25]. Based on the snow water equivalent rather
than the mean snow depth and snow density, CLM4.5 tends
to reduce the overestimate SCF in previous versions. The
decreased SCF and the direct exposure of snow-free fraction
to the atmosphere made the surface ground experience more
heat loss during autumn and greater heat gain in spring.
The difference of 𝑅𝑛 and 𝐺 between CTL and EXP also
experienced the variations from negative to positive (Figures
12(c) and 12(d)).
Furthermore, advanced thawing date simulated in EXP
made the surface wetter compared to CTL, thus leading to
the higher LE and lower 𝐻 during the frozen stage (Figures
12(a) and 12(b)). As the surface soil is thawing in advance

in the EXP, the model tends to simulate the underestimated
snow cover and the albedo, thus higher 𝑅𝑛 and 𝐺 values
(Table 8). Figures 12(c) and 12(d) also clearly show the
negative difference values between the CTL and the EXP on
the frozen stage.
As shown in Figure 13, the simulated daily mean energy
fluxes were compared with direct measurements. The relatively wetter surface soil in CLM4.5 enlarged the latent heat
flux and decreased the sensible heat flux, which agreed better
with measured results during our study period as shown
in Figures 13(a) and 13(b). Profiting from new parameterization schemes in CLM4.5, the CTL tended to capture the
observed daily energy variations more reasonably, except
for the slightly underestimated 𝐻. Also, it is apparent that
CLM4.5 yielded smaller biases clearly, but with slightly
lower pertinences with measured results. Frequent surface
freeze-thaw cycles could affect the energy distribution [10].
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Table 8: Statistical results of daily mean energy flux components
between simulations and observation at ZS site.
𝐻

LE

𝑅𝑛

𝐺

0.23
0.29
0.22

0.78
0.76
0.82

0.73
0.72
0.73

0.47
0.44
0.48

10.40
8.80
23.25

−0.07
−0.97
−13.83
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0
−10
−20
1/1/2014

1/10/2014

1/20/2014

1/30/2014

𝑟
CTL
EXP
EXP1
Bias (Wm−3 )
CTL
EXP
EXP1

OBS
CTL

EXP
(a)

10
0
−10
3/15/2014

3/25/2014

4/4/2014

OBS
CTL

5
0
−5
−10
−15
1/15/2010

4/14/2014

EXP
(b)

1/25/2010

2/4/2010

2/14/2010

EXP

OBS
CTL
(a)

10
0
−10
2/17/2010

30
20
10
0
7/1/2014

7/10/2014

7/20/2014

OBS
CTL

7/30/2014

EXP
(c)

2/28/2010

3/11/2010

3/22/2010

4/3/2010

EXP

OBS
CTL

10
0
−10
10/15/2014

10/25/2014

11/4/2014

11/14/2014

(b)

OBS
CTL

20
10
0
4/15/2010

EXP
(d)

4/25/2010

5/5/2010

5/14/2010

Figure 11: Same as Figure 10 but at GS site.
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Figure 10: Diurnal variations of soil temperature in the 10 cm soil
layer in four freeze-thaw stages in the ZS site. (a) Completely frozen,
(b) thawing, (c) completely thawed, and (d) freezing.

Majorizations of numerical description of the hydraulic and
thermal properties in CLM during freeze/thaw cycle are still
needed to make the energy flux simulation more reasonable.

4. Conclusions
This study conducted offline numerical simulations at two
typical sites on the TP. The simulation ability of the newly
released land surface model CLM4.5 was examined and

the improvements of the new hydraulic properties scheme,
which has direct effects on the simulation of freeze-thaw
cycles and the hydraulic-thermal properties of seasonal
frozen soil via the relative sensitivity analysis, were verified.
The conclusions are as follows:
(1) The model can capture the variations of measured
soil liquid water contents and the simulated peaks
well consistent with the maximum rainfall. The new
hydraulic properties scheme can effectively reduce
the dry bias existing in surface soil at ZS. However,
lacking consideration of the gravel effect made the
modification not significant at GS site. The existence
of gravel could cause the gravel soil to be dryer
than fine soil. Failure to dispose the gravel in the
model formulas made the simulated soil liquid water
content overestimated compared to the observation.
In contrast, modification in CTL conducted at GS site
played a negative role.
(2) The wetter surface condition in CLM4.5 also led to
the warmer surface soil temperature because of the
greater heat capacity of liquid water. The accuracy
of soil temperature simulation is closely related to
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Figure 12: Differences of daily mean energy flux (W m−2 ) (a) 𝐻, (b)
LE, (c) 𝑅𝑛 , and (d) 𝐺 between the CTL and EXP simulations at ZS
site.

Figure 13: Same as Figure 12 but daily mean variations of energy flux
between observation and simulations.

the simulated soil moisture. Temperature difference
between CTL and EXP is more obvious at ZS.
The CTL performed better at ZS for simulating
the starting dates of four stages compared to EXP,
especially on the thawing stages. Under the influences of the ice impedance function and the new
hydraulic properties schemes in CTL, the movement
of water through frozen soil has been decreased
greatly. As surface ice melts at progressively deeper
depths, water infiltrates further into the deeper layer.
This delayed the melting date effectively. In addition,
the increased heat capacity in the surface ground
at ZS also induced the decreased diurnal range of
soil temperature during the freezing-thawing process
which agreed better with the observation. However, at
GS, CTL did not show prominent advantages due to
its undistinguished performance of soil liquid water
content simulations on the surface.
(3) CLM4.5 computed the surface fluxes separately for
snow-covered and snow-free fractions of a grid cell,
rather than the uniform snow cover assumption

adopted in previous versions. Decreased snow covers
fraction resulted in the lower albedo. This reduction
in surface albedo tended to increase net surface
radiation in CLM4.5 compared to previous versions.
Furthermore, the improvement in freeze/thaw starting dates simulations also led to the more reasonable
turbulent fluxes simulations.
In summary, CLM4.5 could capture the hydrologicalthermal interactions of seasonal frozen soil on the TP. The
land surface model could simulate a more realistic land
surface climate and then positively impact on the climate
prediction while coupled with the regional climate models. However, the optimization concerning the numerical
description of the hydraulic and thermal properties during
freeze/thaw cycle based on the endemic soil texture on the
TP is still needed in future study.
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A WRF-CMAQ modeling system is used to assess the impact of emission control strategies and weather conditions on haze
pollution in Zhongshan, Guangdong Province, China. One-month simulations for January 2014 are completed and evaluated with
the observational data. The simulations show reasonable agreement with the observations. Several sensitivity studies are completed
to quantify the percentage contributions of local emissions versus regional emissions to the PM2.5 concentrations under different
weather conditions. The results indicate that the contributions from local emission is higher than those of the emissions from
regional transport when there is no intrusion of cold front (i.e., 58% contribution from local emission versus 42% contribution from
the regional transport). The contribution of regional transport is increased to 76% when a strong cold front appears. Furthermore,
the sensitivity study demonstrates that PM2.5 concentrations on the first, second, and third days are reduced by 47%, 52%, and
58%, respectively, after the local emissions are turned off when there is no intrusion of cold front. Finally, a case study shows that
industrial, residential, and mobile emissions account for 24%, 22%, and 15% of the change of PM2.5 , respectively, during a heavy
haze pollution event in Zhongshan.

1. Introduction
With rapid development of urbanization and industrialization, anthropogenic emissions have been increased significantly over the past several decades [1]. Haze has become
a very serious air pollution problem in the Pearl River
Delta (PRD) region and other regions in China [2]. High
ambient levels of particulate matters with diameters less than
2.5 micrometer (PM2.5 ) can reduce visibility significantly,
attenuate solar radiation, and pose harmful impact on human
health [3, 4]. The observational data show that the number
of haze episode days (the episode day is defined when daily
mean PM2.5 concentrations exceed 75 𝜇g/m3 , the National
Ambient Air Quality Standard for PM2.5 in China (NAAQSC)
for PM2.5 ) was over 100 in the PRD during the past decade
[5]. The haze pollution has received a great concern from

the governments and general public. Thus, understanding the
relative contribution of local emissions and regional transport
is extremely important to reduce PM2.5 concentrations.
Many research efforts have been devoted to investigating
chemical composition characteristics of PM2.5 and impact
of weather systems and other meteorological fields on haze
over the past several decades [6–13]. The monitoring data
show that carbonaceous and inorganic secondary aerosols
are the two major contributors to PM2.5 in the PRD [14].
Previous studies have pointed out that emissions outside
of the PRD exert an important impact on PM2.5 in the
PRD [15]. But they did not quantify the relative contributions. With the rapid development of computer technologies,
numerical air quality models have become very useful tools
for air pollution studies [16]. The Hybrid Single Particle
Lagrangian Integrated Trajectory (HYSPLIT) model was first
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used to track the sources of air masses that have important
impact on haze pollution events [17, 18]. Later, several more
complicated numerical models were utilized to investigate
air pollution events [19, 20]. For example, the Community
Multiscale Air Quality (CMAQ) model has been widely
used to study pollution events in the PRD [21–25]. These
studies have shown that haze pollution severity in the
PRD is mainly controlled by anthropogenic emissions with
strong spatial variation. They also pointed out that weather
conditions are the key to trigger the haze pollution events
[26]. However, very few studies have identified the relative
contributions of local emissions and regional transport to
PM2.5 concentrations under different weather conditions in
the PRD region. Thus, accurate quantification of relative
contributions of local emissions and regional transport to
PM2.5 is essential to formulate effective emission control
strategies.
Zhongshan, an important part of the PRD region, suffers
from similar severe haze pollutions. Study of impact of
weather conditions and emissions control strategies on haze
events is relatively lacking in Zhongshan as compared to other
cities in the region [27]. 16 haze episode days was observed
in January 2014. The offline coupling system of Weather
Research and Forecast (WRF) with CMAQ is used to evaluate
the impact of weather conditions and to quantify the relative
contribution of local emission and regional transport to the
haze events in Zhongshan. Sensitivity studies are designed to
assess the contributions of different anthropogenic emissions
such as industrial, residential, and mobile sources to the
changes of PM2.5 during a heavy haze event. The study
is aimed at providing scientific evidences for local policymakers to develop more effective emission control measures.

2. Methods
2.1. Descriptions of Models and Simulation Configurations.
The WRF model (version 3.3.1) [28] is used to provide
meteorological inputs to drive CMAQ (version 5.0.2). The
National Center for Environmental Prediction (NCEP) Final
Operational Global Analysis data with spatial resolution of
1∘ × 1∘ and time interval of 6 hr are used to generate initial
and boundary conditions for the WRF simulations. The
WRF single-moment 6-class microphysics scheme (WSM6)
[29] and MM5 similarity surface layer scheme [30] are used
in the WRF runs. The Noah land-surface model [31] and
Yonsei University Boundary layer scheme (YSU) [32] are also
utilized in the WRF simulations. The CMAQ model is used to
simulate different physical and chemical processes of gaseous
pollutants and particulate matter (PM) compositions. The
carbon bond (CB05) gas-phase chemical mechanism [33]
and the AERO5 module [34] are utilized in the simulations. The detailed model configuration options are listed in
Table 1.
Figure 1(a) shows the modeling domains. Two-nested
domains are used in WRF and CMAQ simulations with
31 vertical levels. The horizontal resolutions are 27 km and
9 km in coarse and inner domains, respectively. The exterior
domain of CMAQ model covers most regions of China and
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Table 1: A summary of configurations used in the WRF-CMAQ
simulations.
Physics and chemistry
Microphysics
Surface layer
Land-surface model
Boundary layer
Chemical gas-phase mechanism
Aerosol module

Parameterization schemes
WSM6
MM5 similarity surface layer
Noah
YSU
CB05
AERO5

the interior domain covers the whole Guangdong Province.
The locations of major cities in the PRD are given in
Figure 1(b). The simulations are conducted for the periods
from 08:00 LST (Local Standard Time) on 25 December
2013 to 08:00 LST on 1 February 2014. The default boundary
conditions are used for the CMAQ simulations in the CMAQ
exterior domain. The first seven-day simulations are used as
the spin-up runs to minimize the influence of default initial
conditions.
Emissions are one of the most important factors to the air
quality simulations. Many other studies have been devoted to
improve the emission inventory in China [35, 36]. This study
uses the Multiresolution Emission Inventories for China
(MEIC) version 2010, originally developed by Tsinghua
University, China [37], and represents the latest emission
inventory data in China. The emissions of MEIC are divided
into five categories. They include the emissions from power
plants, industry, agriculture, transportation, and residential
areas. The monthly mean emissions of gas pollutants such
as SO2 , NO𝑥 , CO, and NH3 , aerosol chemical compositions
such as sulfate, nitrate, ammonium, black carbon, and organic
carbon, and other substances are used in the simulations.
Given the resolution of 0.25∘ × 0.25∘ for original emissions,
the emission data are linearly interpolated into the inner
domain and the curvature effect of the earth is taken into
account during the interpolation.
Figure 2 shows the spatial distributions of annual mean
emissions of NO𝑥 , SO2 , CO, and PM2.5 in the inner domain of
CMAQ. It is found that major cities are the dominant sources
of different emissions. For example, more than 500 × 106
moles of NO𝑥 and 100 × 103 kg of PM2.5 are emitted from grids
of Guangzhou, Foshan, and Shenzhen each year in the model.
The temporal variations of the MEIC data are given by Zheng
et al. [38].
2.2. Contributions of Emissions from Different Regions. To
quantify the relative contributions of local and different
regional emissions, the emissions are treated as four different
cases: local emissions from Zhongshan, emissions from other
cities in the PRD, emissions outside of Guangdong Province,
and emissions from other cities in Guangdong Province.
Four scenarios are designed to evaluate the contributions of
different emissions to PM2.5 concentrations by turning off
individual emission. The details of different emissions are
shown in Figure 1(b) (emissions from outside of Guangdong
Province are not showed in the figure) and Table 2. The first
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Figure 1: (a) Two-nested modeling domains for WRF (black solid boxes) and CMAQ (blue dashed boxes) models. (b) The inner CMAQ
domain with three emission source regions and the major cities in the PRD region (cities in the PRD: Zhongshan (ZS), Guangzhou (GZ),
Foshan (FS), Jiangmen (JM), Zhuhai (ZH), Dongguan (DG), and Shenzhen (SZ)).
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Figure 2: Annual emissions of (a) NO𝑥 , (b) SO2 , (c) CO (unit: ×106 mol/year/grid), and (d) PM2.5 (unit: ×103 kg/year/grid) in the inner
domain of CMAQ (cities in the PRD: Zhongshan (ZS), Guangzhou (GZ), Foshan (FS), Jiangmen (JM), Zhuhai (ZH), Dongguan (DG), and
Shenzhen (SZ)).
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Table 2: A summary of experiment simulations.

Experiment
Test ctr
Test zs
Test prd
Test gd

Regions where emissions were turned off
None
Zhongshan
PRD (excluding Zhongshan)
Outside of Guangdong Province

scenario: Test ctr is the control simulation representing the
benchmark with original emissions. The second scenario:
Test zs represents the case when the local emissions of
Zhongshan are turned off. The third scenario: Test prd is
the case when the emissions of other cities in the PRD are
turned off. This case is used to evaluate the influence of
emissions from surrounding regions of Zhongshan. The last
scenario: Test gd is the case when the emissions from outside
of Guangdong Province are turned off. The contribution of
each region can be calculated by using the following formulas:
𝐶𝑥 = 𝐶ctr − 𝐶𝑥,0 ,
𝑃𝑥 =

𝐶𝑥
,
𝐶ctr

(1)

where 𝐶ctr represents the PM2.5 concentrations as the benchmark; 𝐶𝑥,0 is the PM2.5 concentrations when the emissions of
region 𝑥 are set to zero; 𝐶𝑥 represents the difference of PM2.5
concentrations between emissions which are turned on and
off in region 𝑥; 𝑃𝑥 represents the contribution of emissions
from region 𝑥. The similar method has been used by other
air quality modeling studies of 2008 Beijing Olympic Game
[39, 40].

3. Evaluation of Meteorological and Air
Quality Model Simulations
3.1. Evaluation of Meteorological Simulations. Meteorological inputs are important for air quality modeling study.
Surface observational data at the sites of Zhongshan
(113.35∘ E, 22.53∘ N), Guangzhou (113.33∘ E, 23.17∘ N), and
Zhuhai (113.57∘ E, 22.28∘ N) are used to verify the WRF simulations. Figure 3 shows the comparisons of WRF simulated
daily mean 2m temperature, daily mean relative humidity, 24hour surface pressure difference, and daily mean wind speed
with observational data in January 2014. Here, the surface
pressure difference denotes the one between the current day
and one day before. The positive difference in winter indicates
an intrusion of a cold front. It is seen from Figure 3 that the
simulated 2m temperature at the three sites is slightly higher
than the observed temperature but the temporal variation
patterns are matched with the observations quite well. The
relative humidity is a little lower than the observed value.
The simulated 24-hour surface pressure difference shows
excellent agreement with the observations at these three sites.
It is found that six evident cooling periods were associated
with the cold front activities, namely, 3–5, 8-9, 12-13, 18-19, 2122, and 26-27 January (the shaded areas in Figure 3). The wind

speeds are overpredicted for most of the study periods, especially for the days with the substantial impact from cold fronts
(e.g., 8, 18, and 21 January). But the tendency of daily variations fits the observational value well. Overall, the simulations
show that the WRF model is able to provide reasonable meteorological inputs for driving air quality modeling in January
2014.

3.2. Evaluation of CMAQ Model Results. Figure 4 shows the
time series comparison of PM2.5 concentrations and visibility
between the model simulations and observations in Zhongshan in January 2014. The hourly air quality observational
data are used here. Currently, there are four observational
sites in Zhongshan. Owing to the sites being close to each
other, the averaged PM2.5 simulations are compared with
the averaged observations at these four sites. As shown in
Figure 4, overall, the model is able to capture the general
temporal variation patterns of PM2.5 concentrations at the
observational sites. However, the model underpredicts most
peak values of PM2.5 substantially and overpredicts the PM2.5
at some other time. The simulation biases are highly related
to the uncertainties of emissions and the WRF and CMAQ
simulations. The underpredictions of PM2.5 are usually associated with the overprediction of wind speed when there
is no intrusion of cold front. 5 January is an example of
that. A large amount of air pollutants is transported to the
downwind areas when a strong cold front moves southward.
The pollutants can be transported over a longer distance when
the cold front is strong enough. But the minor impact of
extraneous transport on local PM2.5 concentrations is found
if the simulated cold front is weaker than the observation (i.e.,
the simulated 24-hour surface pressure difference is less than
observation). A typical example is illustrated on 12 January.
Figure 4 also shows large impact of uncertainty of emissions
on PM2.5 predictions. The anthropogenic emissions are much
lower than the normal level during the 3-day periods before
Chinese New Year’s Eve (i.e., 28–30 January). The change
has not been included in the current emission inventory.
As a result, the simulated PM2.5 concentrations are much
higher than the observations during those three days. On
the other hand, the model is not able to capture the PM2.5
peak value (236 𝜇g/m3 ) on the Chinese New Year’s Eve (i.e.,
31 January). This is mainly because the firework emissions are
not included in the current emission inventory used in the
simulations.
Figure 4(b) shows a comparison of simulated and
observed visibility. It is noticed that overpredictions of visibility are quite substantial during several days, especially for
the days when there is no intrusion of cold front. This is partly
because the PM2.5 concentrations are usually underpredicted
during these days (see 5 January as an example). It is recalled
that humidity is another important factor to the change of visibility (see the formula in [41]). The uncertainties of humidity
simulation may cause the bias of visibility calculation based
on the CMAQ simulations.
Several statistical metrics are used to evaluate the model
performance. They include mean bias (MB), mean absolute
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Figure 3: Comparison of simulated (a) daily mean 2m temperature, (b) daily mean relative humidity, (c) 24-hour surface pressure difference,
and (d) daily mean wind speed with the observations (1, 2, and 3 of each panel represent Zhongshan, Guangzhou, and Zhuhai station, resp.
The shaded areas represent the days with cold front intrusion).

error (MAE), root mean square error (RMSE), mean normalized bias (MNB), normalized mean bias (NMB), and
correlation coefficient (COR). They are defined as follows:
MB =

1 𝑛
∑ (Sim (𝑖) − Obs (𝑖)) ,
𝑛 𝑖=1

1 𝑛
MAE = ∑ |Sim (𝑖) − Obs (𝑖)| ,
𝑛 𝑖=1

1/2

1 𝑛
RMSE = [ ∑ (Sim (𝑖) − Obs (𝑖))2 ]
𝑛 𝑖=1
MNB =
NMB =

1 𝑛 Sim (𝑖) − Obs (𝑖)
),
∑(
𝑛 𝑖=1
Obs (𝑖)
∑𝑛𝑖=1 (Sim (𝑖) − Obs (𝑖))
,
∑𝑛𝑖=1 Obs (𝑖)
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Figure 4: Comparison of simulated (a) PM2.5 concentrations and (b) visibility with observations (the discontinuities are due to the missing
observational data. The shaded areas in panel (a) denote 5, 12, 28–30, and 31 January mentioned in Section 3.2. The shaded area in panel (b)
denotes 5 January).

Table 3: The evaluation statistics of CMAQ performance on PM2.5
(𝜇g/m3 ) and visibility (km).

COR
=

∑𝑛𝑖=1 [(Sim (𝑖) − Sim) (Obs (𝑖) − Obs)]
2

2

PM2.5
Visibility

,

√ ∑𝑛𝑖=1 (Sim (𝑖) − Sim) × √ ∑𝑛𝑖=1 (Obs (𝑖) − Obs)

MB
−13.4
0.8

MAE
32.1
4.9

RMSE
29.2
5.6

MNB
−4.0%
8.2%

NMB
−21.4%
20.2%

COR
0.43
0.39

(2)
where Sim and Obs represent simulated and observed values,
respectively, and 𝑛 is the number of the values. The evaluation
statistics of the CMAQ performance on PM2.5 and visibility
are shown in Table 3. It is found that the simulated PM2.5
concentrations are lower than the observations and the
simulated visibility is slightly overpredicted. And the correlation coefficient is 0.43 and 0.39 for PM2.5 concentrations
and visibility, respectively. Overall, the statistical calculations
indicate that the simulation shows reasonable agreement with
the observations.

4. Sensitivity Analysis
4.1. Contributions of Different Regional Emissions. Figure 5(a)
shows the spatial distribution of monthly mean simulated
PM2.5 concentrations. An area with relatively high concentrations of PM2.5 is found in the middle of Foshan, where
the monthly mean PM2.5 concentrations exceed 60 𝜇g/m3 .
PM2.5 concentrations in the northwest of Zhongshan are 50–
55 𝜇g/m3 , but only 35–40 𝜇g/m3 is found in the southern
part. PM2.5 from northwestern to southeastern of Zhongshan
is gradually reduced. Figure 5(b) illustrates the percentage
contribution of local emissions in Zhongshan. The contribution reaches 45% in the northwest of Zhongshan but reduces
to 30–35% in the southern area. The downwind areas of
Zhongshan, including parts of Jiangmen and Zhuhai, are also
affected by the emissions from Zhongshan. Figure 5(c) shows
the percentage contributions of the emissions in other cities
of the PRD (see Figure 1(b)). Evidently, the contribution in the
middle and southeast of Foshan exceeds 60%. Contributions
in southern Guangzhou, western Dongguan and Shenzhen,
and eastern Jiangmen are higher than 50%. These emissions
contribute 35–45% of PM2.5 in northern and 25–30% in
southern Zhongshan. In addition, the emissions from outside

of Guangdong Province have important impact on the PRD
region (see Figure 5(d)). These emissions contribute relatively
less over the southeast of Foshan, but the contribution gradually increases in other parts of the PRD. As to Zhongshan, the
emissions from outside of Guangdong Province contribute
about 25% in the northern part and increase to 35–40% in
southern areas. Therefore, the emissions of local Zhongshan,
other cities in the PRD, and outside of Guangdong Province
are all important to PM2.5 concentrations in Zhongshan.
4.2. Regional Transport with Different Weather Conditions.
The weather conditions play an important role in regional air
pollutant transport. Figure 6 shows the percentage contributions from different emission source regions under different
weather conditions in Zhongshan. Haze pollution is mainly
caused by low wind speeds and stable atmospheric boundary
layer condition when there is no intrusion of cold front (i.e.,
24-hour surface pressure difference is negative). Meanwhile,
such weather conditions are not beneficial to long-distance
transport of air pollutants. So the contributions from local
sources, other cities in the PRD, outside of Guangdong
Province, and other emissions in Guangdong Province to
PM2.5 in Zhongshan are 58%, 27%, 13%, and 2%, respectively.
A large amount of nonlocal pollutants from outside of
Guangdong Province is transported to the PRD region when
a strong cold front (24-hour surface pressure difference
is more than 3 hPa) moves southwards. The contribution
of the emissions from outside of Guangdong Province is
increased to 52% in this case, followed by local emissions of
Zhongshan (24%) and other cities in the PRD (20%). The air
pollutants are mainly controlled by short-distance transport
when a weak cold front (24-hour surface pressure difference
is about 0–3 hPa) appears. The contribution of emissions
from other cities in the PRD increases to 42%, followed by
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Figure 5: (a) Spatial distribution of simulated monthly mean PM2.5 concentrations, (b) percentage contributions of local emissions in
Zhongshan, (c) percentage contributions of emissions from other cities in the PRD, and (d) percentage contributions of emissions from
outside of Guangdong Province.
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Figure 6: Percentage contributions of the emissions from different regions to the simulated PM2.5 in Zhongshan under (a) no cold front, (b)
strong cold front, and (c) weak cold front case.

local emissions of Zhongshan (34%) and the emissions from
outside of Guangdong Province (21%).
According to the analysis presented above, it is found
that emissions outside of Guangdong Province contribute the
most changes of local PM2.5 concentrations in Zhongshan

with intrusions of strong cold front in the PRD region.
Figure 7 shows the impact of regional transport on PM2.5 in
Zhongshan during 8-9 January. It is found that the most polluted areas were located in Hunan Province in the morning
of 8 January. As the cold front moved southwards, the aerosol
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Figure 7: The spatial distribution of simulated PM2.5 (𝜇g/m3 ) and 10 m wind fields (m/s) at (a) 08:00 LST (Local Standard Time); (b) 17:00
LST; (c) 23:00 LST on 8 January; and (d) 17:00 LST on 9 January, 2014 (the names of the provinces in the pictures: Guangdong Province (GD),
Guangxi Province (GX), Hunan Province (HN), Jiangxi Province (JX), and Fujian Province (FJ)).

pollutants were transported southwards and caused large
increase of PM2.5 concentrations in northern Guangdong
Province. On the night of 8 January, a large amount of
pollutants was transported to the PRD region and the western
part of Guangdong Province. By the afternoon of 9 January,
the PM2.5 concentrations in the PRD started to decrease.
Meanwhile, PM2.5 concentrations were decreased due to the
diffusion and sedimentation. Similar transport processes of
pollutants were also observed for other cases with cold front
intrusions. Thus, regional transport of air pollutants from
outside of Guangdong Province poses a large impact on the
local haze pollution in Zhongshan during winter.
4.3. Impact of Local Emission Control on PM2.5 at Different
Time Periods. As discussed above, the emission control is
the most effective in PM2.5 reduction when there is no cold
front intrusion or the regional transport is not important. The
effectiveness of local emission becomes much less when there
is a strong cold front intrusion. In this section, we focused on
the impact of local emission control on the different stages.

For this purpose, an additional simulation is completed for
a single 3-day episode under no cold front condition. In
this simulation, the whole emissions of Zhongshan area are
turned off firstly, and then the industrial, residential, and
mobile emissions of local Zhongshan are turned off one
by one to evaluate their respective impact on local PM2.5
concentrations.
Table 4 shows the changes of PM2.5 and visibility in
Zhongshan on different days when local emissions are turned
off and there is no cold front intrusion. It is clear that emission
control has different impact on the different days. Specifically,
PM2.5 concentrations are decreased by 47%, 52%, and 58% on
the first, second, and third day, respectively, after the local
emissions are turned off in Zhongshan. It is apparent that
emission control has a clear phase effect. Similar phase effect
is also observed for the changes of the local visibility which
is increased by 57%, 63%, and 90% on the first, second, and
third days, respectively. Therefore, the large impact of local
emission on PM2.5 tends to appear on the second and third
day after the local emissions are turned off. This suggests that
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Table 4: Percentage changes of simulated PM2.5 concentrations and
visibility after local emissions are turned off in Zhongshan.
The day after
emissions are turned
off
1st day
2nd day
3rd day

PM2.5
concentrations
(%)

Visibility (%)

−47
−52
−58

57
63
90

Table 5: Percentage changes of simulated PM2.5 concentrations and
visibility during heavy polluted periods after turning off industrial,
residential, and mobile emissions in Zhongshan.
Emissions to be turned off
Industrial emissions
Residential emissions
Mobile emissions

PM2.5 (%)
−24
−22
−15

Visibility (%)
26
21
16

of emissions from outside of Guangdong Province tends to be
more important (52%) when a strong cold front is extended to
the PRD region. The emissions from other cities in the PRD
become the most important ones (42%) when a weak cold
front appears.
A case study demonstrates that emission control has a
clear phase accumulative effect on PM2.5 in Zhongshan under
no cold front condition. PM2.5 concentrations of Zhongshan
are decreased by 47%, 52%, and 58% on the first, second,
and third day, respectively, after the local emissions are
turned off. This suggests that the emission control should be
implemented on 2-3 days earlier than the day when a heavy
haze event happens. Finally, the sensitivity study confirms
that industrial, residential, and mobile emissions are the
three major sources to PM2.5 in Zhongshan. Their relative
contributions to PM2.5 are 24%, 22%, and 15% in Zhongshan
during a peak period of the sensitivity simulations.

Competing Interests
the emission controls can be implemented on 2-3 days before
a haze episode appears based on air quality forecasting.
Industrial, residential, and mobile emissions are the three
major emissions to local PM2.5 in Zhongshan given the
limited impact of emissions from power plants. Now, we
evaluate the impact of the three emissions on PM2.5 in
Zhongshan during a heavy haze pollution event. Here, we
evaluate their impact on PM2.5 during a peak period on
the third day after the emission control is implemented. It
is found from Table 5 that the industrial emission has the
largest impact (−24%), the mobile emission has the smallest
impact (−15%), and the residential emission stands between
them when the three emissions are turned off individually.
Meanwhile, the visibility is increased by 26%, 21%, and 16%,
respectively. Therefore, the government should consider the
optimal implementation time of the emission control in order
to reduce the frequency of occurrence and severity of heavy
haze events.

5. Conclusions
An offline coupling system of WRF-CMAQ is utilized to
simulate PM2.5 and to quantify the relative contribution of
local emission and regional transport to the change of PM2.5
in Zhongshan, China. Full-month simulations are performed
using the WRF-CMAQ modeling system with two-nested
domains for January 2014. Several numerical experiments
are conducted to investigate the impact of the emissions
from different regions and weather conditions on PM2.5
and visibility in Zhongshan. Both meteorological and PM2.5
simulations are evaluated with the surface observational
data. A series of statistical parameters are used to evaluate
the models’ performance. The results show that the WRF
provides reasonable inputs for driving CMAQ. The CMAQ is
able to capture the variation patterns of PM2.5 in Zhongshan.
The numerical sensitivity results show that the local
emissions have the largest impact on PM2.5 in Zhongshan
(58%) when there is no cold front intrusion. However, the role
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The environmental meteorological services in China are concerned with atmospheric environmental quality, which is directly
related to human activities and affects human health. In recent years, air pollution and other environmental problems have
attracted nationwide attention in China, so the environmental meteorological services have been developed rapidly. To provide
better meteorological monitoring and forecasting services, the Environmental Meteorological Centre of China Meteorological
Administration was established in March 2014 by integrating the resources of various national service units. We review the
development of China’s national environmental meteorological services and highlight their current status including major
technological capabilities. We also explore future trends of the national environmental meteorological services by analysing
deficiencies, gaps in supply and demand, and capabilities of the current environmental meteorological services.

1. Introduction
Routine environmental meteorological services (EnMet services) by the China Meteorological Administration (CMA)
include monitoring, forecasting, and early warning of variables such as fog, haze, and dust. These services are relatively
mature. In recent years, fog, haze, and dust occur frequently.
Air pollution, particularly high concentrations of fine particles, has become an increasingly serious issue in China
[1–4] due to rapid economic and social developments. The
Central Committee and the State Council regard air pollution
control as an important component in ecological civilization
construction and introduced the “Air Pollution Prevention
Action Plan” in 2013. The CMA introduced the “Environmental Meteorology Services Development Guidance” to help
nationwide meteorological departments carry out EnMet
services in 2014. Local meteorological departments in some
large- and mid-size cities have actively conducted diverse
EnMet services, and these services have attained a large operational scale because of their continuous developments. The
Shanghai Municipal EnMet Centre began to release its ozone
forecast to the public in 2007 and started air quality forecast

at subdaily time scales of morning, afternoon, and night
in 2013. The Jing-Jin-Ji (which stands for Beijing-TianjinHebei province) EnMet Centre was established in 2013,
which provides forecast and early warning for heavy air
pollution, fog, and haze.
At current stage, the EnMet services are generally concerned with atmospheric environment quality issues that are
linked to human activities and directly impact human health.
They include the following: (1) monitoring, forecasting, and
warning for atmospheric environment and atmospheric
composition; (2) health related EnMet forecasting services,
including UV intensity, pollen concentration, air negative
oxygen ions, comfort degree of human body, and meteorological forecasting index related to occurrence and prevalence of
diseases; (3) EnMet emergency warnings, including leaks of
radioactive material and toxic gases.
The Environmental Meteorological Centre (EMC) of the
CMA was established in March 2014. It is responsible for providing national EnMet monitoring and forecasting services
and coordinating related efforts. In this paper, we summarize the operation and development of the national EnMet
services and the challenges and demands they face.
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2. Current State of the EnMet Services of EMC
The establishment of EMC aimed to improve the capability
and levels of the national EnMet services by integrating
national research and development resources. The EMC
is affiliated with the National Meteorological Centre and
receives supports from the National Satellite Meteorological
Centre, the CMA’s Meteorological Observation Centre, and
the Chinese Academy of Meteorological Sciences (CAMS).
2.1. Main Responsibilities of the National EnMet Services.
Consider the following.
(1) The national EnMet services include monitoring,
forecasting, and warning of fog, haze, dust, air pollution event, meteorological conditions, and city air
quality; it also includes forecasting quality assessment. EnMet emergency response service tasks for
important or unexpected events have also been established.
(2) Guidance products and technical support including
national atmospheric environmental model products,
diagnostic analysis, and objective correction products based on model outputs, as well as subjective
forecast, for various meteorological departments have
been provided. Decision-making services as well as
professional and public meteorological services for
governments, industries, and society stakeholders are
offered.
(3) National EnMet forecasting consultation and regional
heavy air pollution warnings have been organized,
including consultation with the Ministry of Environmental Protection and internal consultation with the
meteorological departments.
(4) Development plans, technology standards, and regulations of the EnMet services are formulated. Since its
establishment, the EMC has participated in the revision of the national standards for haze observation
and forecast and formulated the standards for atmospheric pollution meteorological condition assessment.
(5) The EMC is responsible for leading EnMet research
programmes. The core technical responsibility of the
EMC is to provide national atmospheric environmental model products. CMA’s Unified Atmospheric
Chemistry Environment (CUACE) is a fully online
coupled meteorological/chemistry/aerosol system,
developed by CAMS, which has been in operation
since 2007 [5–7]. The CAMS is currently leading a
research project covering atmospheric composition
data assimilation, pollution source inversion based on
ensemble Kalman filter, and bidirectional feedback
mechanism of heavy air pollution and weather.
Its purpose is to enhance forecasting skill of their
coupled model.
2.2. EnMet Product System at the EMC. Products of the
EnMet services can be divided into three categories, namely,
monitoring, forecasting, and assessment.

2.2.1. EnMet Monitoring. EnMet monitoring refers to the
products involved in monitoring and analysing the occurrence, development, dissipation, scope, and intensity of fog,
haze, dust, and heavy air pollution, based on data from routine meteorological observations, atmospheric composition
monitoring, and satellite remote sensing. Satellite remote
sensing monitoring can cover a vast area, which makes up for
the lack of ground monitoring stations in many areas. Based
on FengYun (FY) polar and FY geostationary orbit satellites,
real-time monitoring has been conducted for haze (optical
image monitoring), haze pollution index, haze optical thickness, fog, and dust (http://rsapp.nsmc.org.cn/uus/index.jsp)
[8, 9].
2.2.2. EnMet Forecasting and Warning. Currently, the EMC
produces and publishes nationwide meteorological conditions associated with air pollution, city air quality, and
forecasting and warning products for visibility, fog, haze, and
dust (http://www.nmc.cn/publish/haze.html). Among them,
the forecast of meteorological conditions associated with air
pollution was officially launched on September 1, 2013, which
included dilution, diffusion, accumulation, and scavenging
capacities of atmospheric pollutants; it was designed to use
six levels from good to bad consistent with the national air
quality standards [10].
In 2014, a meteorological index of firework burning
forecast service was developed for the Spring Festival holiday
season. By considering the meteorological factors affecting
the safety of firework burning and the spread of pollutants,
the index covers four levels from low to high: suitable, fairly
suitable, unsuitable, and very unsuitable [11].
2.2.3. EnMet Assessment. EnMet assessment is essential for
proposing proper strategies for the prevention and control of
atmospheric pollution. By analysing variations of air pollution, pollution related meteorological conditions, and satellite
observation data, the effects of emission control measures
during major social events such as the 2008 Beijing Olympic
Games, 2010 Guangzhou Asian Games, and 2014 Beijing
APEC Conference were evaluated [12–18]. Regional transport
contribution to heavy haze in big cities was discussed by
simulating the source of air pollutants in an atmospheric
environmental model [19, 20]. Based on the atmospheric
environmental products of global meteorological satellites, a
lot of research was carried out to reveal spatial and temporal
distribution and long-term trends of China’s regional atmospheric quality and greenhouse gases [21–25].
Based on the technical achievements provided by the
above-mentioned research, the EMC has established an operation of EnMet assessment, including monthly, quarterly, and
annual reports and EnMet assessment products for serious air
pollution processes and major social activities.
2.3. Technological System for EnMet Services of EMC
2.3.1. Integrated EnMet Observations and Analysis. The
CMA has developed a sizable atmospheric composition
observation network since the 1980s, including one global
atmospheric background station, six regional atmospheric
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analysed by using L-band upper-air sounding data; the entire
boundary layer inversion strength can help to judge visibility
change and then improve fog and haze forecasting; the observation tower and wind profiler observations can be used to
analyse the evolution of urban boundary layer characteristics
at high temporal and vertical resolutions [40–45].
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Figure 1: The air quality monitoring network of China.

background stations, 241 fog and haze observation stations
with the capability to observe atmospheric composition, and
365 acid rain observation stations [26–28]. For boundary
layer meteorological observations, the CMA has 120 Lband upper-air sounding systems, providing second-level
sounding data at 00 and 12UTC each day. In addition, the
network combined with 43 wind profile radar installations
can achieve continuous vertical wind observations under all
weather conditions on the timescale of minutes [29].
The CMA has also conducted many research projects
in satellite remote sensing monitoring. The AQUA/MODIS
aerosol optical depth (AOD), which is a product provided by
NASA, is used to analyse aerosol events such as haze, dust
storm, or volcano eruption [30–32]. Based on FY polar and
FY geostationary orbit satellites, technology is developed to
support real-time monitoring, such as haze pollution index,
haze optical thickness, fog, and dust storm (optical image
monitoring, dust index, and quantitative monitoring of dust
optical depth) [33–39].
In addition to the comprehensive EnMet observation
system built by the CMA, the Ministry of Environmental
Protection has set up a nationwide environmental air quality
monitoring network, which has grown from initial 661
stations in 1992 to 1436 in 2015 (Figure 1). The environmental
air quality monitoring systems set up by the two ministries
complement each other and allow for optimal resource
utilization for atmospheric environmental monitoring.
Observational data from the CMA’s integrated observing
system and air quality data from the Ministry of Environmental Protection’s environmental air monitoring stations
include hourly PM10 , PM2.5 , PM1 , SO2 , NO2 , CO, and O3
concentrations as well as the Air Quality Index (AQI). Using
these data in combination with conventional meteorological
observations, the EMC can achieve real-time monitoring of
fog, haze, and atmospheric composition at a national level,
as well as real-time monitoring of highly polluted days, key
regions, and key urban air quality metrics. Conventional
meteorological observation data are used for atmospheric
environmental monitoring, while the application of unconventional data needs to be improved. For example, the
structural features of the atmospheric boundary layer can be

2.3.2. Atmospheric Chemistry Models. Currently, CUACE/fog
and haze and CUACE/dust and pollutant dispersion models
are operated by the national service department to provide
technical support for air pollution, dust, nuclear proliferation, and other EnMet forecasting services. In addition,
Community Multiscale Air Quality (CMAQ), WRF-Chem,
and other regional atmospheric chemistry models have been
introduced in some provinces to build atmospheric environmental numerical forecasting systems [46–48]. Numerical
forecast system of air quality and photochemical smog of
the Pearl River Delta region was established by coupling
Mesoscale Model Version 5 (MM5), Sparse Matrix Operator
Kernel Emissions (SMOKE), and CMAQ models, which
use local sources of emission inventories [49–52]. Based
on the WRF-Chem model, the Shanghai Meteorological
Bureau has established and operationally implemented a
coupled regional chemical transport model [53]. These models provide important technical support for forecasting and
warning of regional and urban air quality, visibility, haze, and
so forth.
There is still room to improve the forecasting capabilities
of atmospheric chemistry models given the uncertainties
associated with emission sources, as well as atmospheric
chemistry and boundary layer meteorological processes.
Thus, further verification based on model products is important. The forecasting performance of CUACE model has been
quantitatively evaluated at the scale of individual stations
and small areas by the EMC. The average deviation and
mean error as well as the correlations between forecast
and observed visibility, PM2.5 concentration, temperature,
relative humidity, and other meteorological elements were
analysed to provide recommendations for model developers
and forecasters. Various methods such as adaptive nudging
scheme, self-adaptive partial least regression, and dynamic
statistical forecasting scheme have been applied to modify the
prediction of these models [54–57].
2.3.3. Analysis of Meteorological Conditions Associated with
Air Pollution. Although the emission of pollutants is the
main cause for air pollution, meteorological conditions
ultimately determine the level of pollution. Thus, analysing
relevant meteorological conditions is important for understanding trends in atmospheric pollution [58–60].
Observations and numerical forecast products have been
used to diagnose and analyse the meteorological factors associated with pollutant diffusion, transportation, settling, and
elimination. These diagnostic products such as atmospheric
mixing height, vertical exchange coefficient, ventilation coefficient, Richardson number, low-wind area, and air-trapping
area can help forecasters better understand the environment
conditions during forecasting of haze, fog, and air quality
[61, 62].

4
Typical weather for air pollution often depends on the
stability of synoptic weather [1, 63]. The stable weather index
was developed by considering physical elements such as
humidity, wind speed, inversion intensity, and the height of
the mixing layer, which can be used to quantitatively evaluate
the degree of atmospheric static stability and characterize
horizontal and vertical diffusion capacity of atmospheric
pollutants. The stable weather index is a quantitative factor
that contains meteorological information for forecasters, and
it plays a positive role in major meteorological services and
assessment of processes. In addition to stable synoptic conditions, regional transport of pollutants is also an important
factor in pollutant concentrations; and advection plays an
important role in pollutant movement [64–70]. The EMC is
studying a composite index of pollutant transport strength,
which combines the intensity of PM2.5 emissions and the
capability of pollutant transport.
2.3.4. EnMet Objective Prediction Technology. Compared
with routine weather forecast such as precipitation, the
ability of numerical models to forecast fog and haze is
limited. Objective forecast technologies play important roles
in helping forecasters to improve fog and haze forecast skill.
At present, objective forecast technologies mainly include the
methods based on artificial neural networks, overlapping sets
of multi-index, and multiple regression [71–76].
2.3.5. System Platform for EnMet Services. As an interdisciplinary field, environmental meteorology involves large
amount of data with extensive sources, so there is a large
difference between the analysis methods of environmental
meteorology and conventional weather forecasting. Current
database and platform construction has become a key limiting factor for the development of EnMet operations. The
EMC began the construction of an EnMet database and
a platform for EnMet operation in 2015. The goal was to
increase functionality, including EnMet monitoring, diagnostic analysis, and forecasting.

3. Problems and Future Development of
the EnMet Services of EMC
3.1. New Requirements of the National Environmental Meteorology. The demands for the national environmental meteorology can be divided into three areas.
(1) Decision-Making Requirements. The requirements for
decision-making support derive from the need to control
air pollution and guarantee major social activities. These
requirements are mainly concentrated on long-term forecast
and emphasize forecasts of major processes, quantitative
evaluation, and comparative analysis.
(2) Public Service Requirements. The public health consciousness is growing, and people want more detailed EnMet
forecast products to guide their daily lives. Thus, the public
demands mainly focus on the increase in EnMet forecast
products with fine temporal and spatial resolution.
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(3) Operational Guidance Requirements. Most local stations that provide EnMet products have less technology
than regional centres such as those in Beijing, Shanghai,
and Guangzhou. Operational guidance requirements can
be embodied in forecasting technology, diagnosis analysis
methods, and operational standards.
3.2. Goals and Priorities of the Development of the National
EnMet Operation. Consider the following.
(1) To improve the EnMet monitoring abilities, we need
to gradually build nationwide observation network
of atmospheric composition and strengthen the construction of boundary layer meteorological observation. It is important to improve satellite remote sensing monitoring recognition methods and quantitative
monitoring and evaluation technologies for haze and
air pollution. At the same time, it is necessary to
strengthen comprehensive analysis of the boundary
layer using both conventional and unconventional
meteorological observations.
(2) Atmospheric chemistry models and numerical
weather models should be further integrated, incorporating relevant physical and chemical processes
and mechanisms. In addition, data assimilation technology should be developed to assimilate EnMet
observations, which should help to improve the initial
values of these models.
(3) Developing medium- and long-term forecasts is
important for improving the ability to guide decisionmaking. Due to the current forecasting ability of
the models, objective forecast technologies based on
statistical method should be established to support
the medium- and long-term forecasts.
(4) Air pollution assessment and preassessment should
be strengthened for government departments to deal
with air pollution scientifically and effectively. Using
model simulations is an important way to evaluate
contributions of meteorological conditions in air
pollution.
(5) Researching how haze and heavy pollution combined
with other meteorological conditions can impact
human health represents an important avenue for
expansion of the EnMet operation.
(6) Cooperation should be strengthened, relying on the
CMA’s fog and haze monitoring and prediction innovation team, to promote the development of EnMet
research operation personnel.

4. Concluding Remarks
A review and analysis of the national EnMet services shows
that the EnMet operation has been developed rapidly in
China. It has provided various operational products and
a technical support system, which play important roles in
meteorological services. However, in the face of rapid growth
of demand for services, it is urgent to improve the capability
of EnMet forecasts. There are still obvious deficiencies in
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comprehensive monitoring analysis, forecasting, mediumto long-range prediction, and assessment and preassessment
technology. These issues are crucial in the development of
EnMet operations in the future.
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A nonhydrostatic atmospheric model was tested with the mountain waves over various bell-shaped mountains. The model is
recently proposed by using the MCV (multimoment constrained finite volume) schemes with the height-based terrain following
coordinate representing the topography. As discussed in our previous work, the model has some appealing features for atmospheric
modeling and can be expected as a practical framework of the dynamic cores, which well balances the numerical accuracy and
algorithmic complexity. The flows over the mountains of various half widths and heights were simulated with the model. The
semianalytic solutions to the mountain waves through the linear theory are used to check the performance of the MCV model. It
is revealed that the present model can accurately reproduce various mountain waves including those generated by the mountains
with very steep inclination and is very promising for numerically simulating atmospheric flows over complex terrains.

1. Introduction
Mountain weather processes, such as lee waves, rotors, and
downslope windstorms, which have great influence on the
air quality over complex mountainous terrains [1, 2], involve
a wide range scales of air motions and present a challenge
to numerical modeling. With the rapid development of
computer hardware, it is now possible for the atmospheric
models to represent the complexity in topography with the
increasing horizontal resolutions and thus provide more
accurate predictions for the mountain weather processes.
The ability to simulate the atmospheric flows over complex
mountainous areas becomes highly demanded for the nonhydrostatic atmospheric numerical models, such as MM5
[3], MC2 [4], COAMPS [5], LM [6], ARPS [7], WRF [8],
and GRAPES [9]. Though the significant advancements have
been achieved during the past several decades, adequate

simulations and predictions of the complex terrain-forced
weather processes, for example, mountain waves, still remain
an issue unsatisfactorily resolved. Further efforts are still
required to develop more reliable dynamic cores with accurate representations of the topographic effects to improve the
simulation of atmospheric flows over complex terrains.
Recently, a new nonhydrostatic model was developed by
using the multimoment constrained finite volume (MCV)
method [10]. Different from the conventional finite volume
method, the unknowns (or the degree of freedom (DOFs))
are defined as the values at the solution points distributed
within each mesh cell. In contrast to the direct multimoment
method [11–18] where the moments are directly used as
the predicted unknowns, the MCV formulation [19] updates
the DOFs as the point values at the solution points whose
time evolution equations are derived by applying a set
of constrained conditions imposing on different types of

2
moments, such as volume-integrated average (VIA), point
value (PV), and spatial derivative values (DV) and is thus
simple, efficient, and easy to implement. Being a high order
scheme, more accurate numerical results can be obtained
in terms of the equivalent DOF resolution in comparison
with the traditional finite volume method even with relatively
coarse grid spacing. The rigorous numerical conservation
in MCV model is exactly guaranteed by a constraint on
the VIA through a finite volume formulation of flux form.
Being a new nodal-type high order conservative method,
it is much beneficial to compute the metric and source
terms in an MCV model, which are always involved in the
treatments of spherical geometry in the horizontal direction
and coordinate transformation in the vertical direction for
topographic effect. The MCV model has some appealing
features for atmospheric modeling, such as the rigorous
numerical conservation, good computational efficiency, and
flexible configuration for solution points, and thus can be
expected as a practical framework of the dynamic cores,
which well balances the numerical accuracy and algorithmic
complexity [10, 20]. The competitive results of the widely
adopted benchmark tests can be referred to [10, 20–24].
To deal with the bottom topography, the height-based
terrain following coordinate is adopted in our MCV model.
Since Phillips’ pioneering work [25], the terrain following
coordinates, mainly classified into the pressure-based coordinate and the height-based coordinate, have been widely
adopted to represent the underlying mountainous surface in
atmospheric models. During the past several decades, the
height-based coordinate [26] has got an increasing popularity mainly due to its applicability for both hydrostatic
and nonhydrostatic models and computational simplicity.
A variational grid generation technique [27] was adapted
to mountain wave simulation as well. Modified version of
terrain following coordinate has been also proposed [28] to
circumvent to some extent the drawbacks of the coordinate
in representing steep topography. In this study, a set of
benchmark tests of mountain waves generated by a constant background flow over mountains with different steepness, which essentially represent the complex mechanisms
involved in mountain weather processes, are examined by the
MCV nonhydrostatic model using the height-based terrain
following coordinate in order to verify the performance of the
MCV model in simulating the mountain weather processes
and its potential for the further numerical investigations on
the flows in the atmosphere boundary layer and the air quality
over complex mountainous terrain. The numerical results are
evaluated in comparison with the semianalytical solutions
obtained from the linear theory [29], as well as the numerical
solutions from other representative models.
The remainder of this paper is organized as follows.
In Section 2 the compressible nonhydrostatic atmospheric
model using the MCV scheme and the height-based terrain following coordinate is briefly introduced. Section 3
describes the mountain tests and the semianalytical solutions
through the linear theory. Section 4 discusses numerical
results of various mountain waves by the MCV model. Finally,
a short conclusion is given in Section 5.

Advances in Meteorology

2. 2D MCV Nonhydrostatic
Atmospheric Model
In order to consider complex topography as the bottom
boundary of the atmospheric model, a height-based terrain
following coordinate is used in this study to map the physical
domain (𝑥, 𝑧) to the computational domain (𝑥, 𝜁) through the
transformation

𝑧 (𝜁) = 𝑧𝑆 (𝑥) +

𝜁
[𝑧 − 𝑧𝑆 (𝑥)] ,
𝑧𝑇 𝑇

(1)

where 𝑧𝑆 (𝑥) is the elevation of topography, 𝑧𝑇 the altitude of
the model top, and 𝜁 ∈ [0, 𝑧𝑇 ].
Using a height-based terrain following coordinate, 2D
compressible and nonhydrostatic governing equations for
atmospheric dynamics are written in flux form as
𝜕q 𝜕f 𝜕g
+
+
= s (q) ,
𝜕𝑡 𝜕𝑥 𝜕𝜁

(2)

where
√𝐺𝜌

[
]
[ √𝐺𝜌𝑢 ]
[
]
q=[
],
[ √𝐺𝜌𝑤 ]
[
]

√
[ 𝐺 (𝜌𝜃) ]
√𝐺𝜌𝑢
]
[
[√𝐺𝜌𝑢2 + √𝐺𝑝 ]
]
[
f=[
],
]
[
√
𝐺𝜌𝑤𝑢
]
[
[

√𝐺𝜌𝜃𝑢

]

(3)

√𝐺𝜌̃
𝑤

]
[
[√𝐺𝜌𝑢̃
𝑤 + √𝐺𝐺13 𝑝 ]
]
[
g=[
],

]
[ √𝐺𝜌𝑤̃
𝑤
+
𝑝
]
[
√𝐺𝜌𝜃̃
𝑤

[

]

0
[ 0 ]
]
[
]
s=[
[ √  ],
[− 𝐺𝜌 𝑔]
[

0

]

where 𝜌 is density, (𝑢, 𝑤) are velocity vector in the physical
̃ = 𝑑𝜁/𝑑𝑡 is the vertical velocity in the transformed
domain, 𝑤
coordinates, 𝐺13 = 𝜕𝜁/𝜕𝑥, and √𝐺 = 𝜕𝑧/𝜕𝜁 is the Jacobian of
transformation.
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The thermodynamic variables are split into a reference
state and the deviations to improve the accuracy of the
numerical model as
𝜌 (x, 𝑡) = 𝜌 (𝑧) + 𝜌 (x, 𝑡) ,
𝑝 (x, 𝑡) = 𝑝 (𝑧) + 𝑝 (x, 𝑡) ,

(4)



(𝜌𝜃) (x, 𝑡) = (𝜌𝜃) (𝑧) + (𝜌𝜃) (x, 𝑡) ,
where the reference pressure 𝑝(𝑧) and the density 𝜌(𝑧) satisfy
the local hydrostatic balance, x is the position vector, 𝑝 =
𝜀0 (𝜌𝜃) , and 𝜀0 = 𝛾𝐶0 (𝜌𝜃)𝛾−1 .
The constants used in the simulations are specified as
follows. Gravitational acceleration 𝑔 = 9.80616 ms−2 , ideal
gas constant for dry air 𝑅𝑑 = 287 Jkg−1 K−1 , specific heat
at constant pressure 𝑐𝑝 = 1004.5 Jkg−1 K−1 , specific heat at
constant volume 𝑐V = 717.5 Jkg−1 K−1 , 𝛾 = 𝑐𝑝 /𝑐V = 1.4, reference pressure at the surface 𝑝0 = 105 Pa, and constant 𝐶0 =
−𝑅 /𝑐
𝑅𝑑 𝛾𝑝0 𝑑 V .
The MCV scheme is adopted in this model to solve
the governing equations (2). The MCV scheme is a general
numerical framework for developing high order numerical
models to solve the hyperbolic systems. A major feature,
which distinguishes MCV scheme from other conventional
numerical schemes, is the local high order spatial reconstruction. For the sake of brevity, we omit the details of the
numerical formulation of MCV nonhydrostatic model in the
present paper. The fourth-order MCV scheme and the 3rd
TVD Runge-Kutta time scheme [30] are adopted in this study.
A local Lax-Friedrich approximate Riemann solver [31] is
used for computational efficiency. The interested readers are
referred to [10] for details.
The boundary conditions on the bottom surface are of
crucial importance in atmospheric models, especially for
simulations of the waves generated by complex topography.
For the test cases studied in this paper, no-flux condition
is imposed along the bottom boundary and nonreflecting
condition is used for the lateral and the top boundaries.
The no-flux boundary condition requires the velocity
field to satisfy the relation
u ⋅ n = 0,

(5)

where n is the outward unit normal vector of the bottom
surface and u = (𝑢, 𝑤)𝑇 is velocity vector on the bottom
boundary.
The nonreflecting boundary conditions are realized by a
sponge layer along the lateral and top boundaries that relaxes
the numerical solution to the prescribed reference. The
damping terms are added to the momentum and potential
temperature equations as
𝜕q
= [governing equation terms] − 𝜏 (q − q𝑏 ) ,
𝜕𝑡

Table 1: Configuration of mountains in different test cases.
𝑎 (m)
10000
1000
100
50
500
250

𝑙 (m−1 )
1.95 × 10−3
1 × 10−3
2 × 10−3
2 × 10−3
1 × 10−3
1 × 10−3

𝛼 (deg)
0.006
0.06
26.5
45
26.5
45

𝑎𝑙
19.5
1
0.2
0.1
0.5
0.25

3. Mountain Wave Test Cases
Satomura et al. [32] suggested a set of mountain wave
tests to evaluate the capability of atmospheric models in
reproducing topographic effects. The isolated bell-shaped
bottom mountain to trigger the waves is specified as
𝑧𝑆 (𝑥) =

ℎ0

2

1 + (𝑥 − 𝑥0 ) /𝑎2

,

(7)

where ℎ0 is the maximum height of the mountain, 𝑥0 is the
center of physical domain, and 𝑎 is the half width of the
mountain.
Six test cases with different mountain height and horizontal width adopted in this study are given in Table 1. In these
cases, the mountain slopes (measured by averaged inclination
angles 𝛼) vary from 0.006 to 45 degrees. The cases of large
inclination angles indicate steep mountains and are very
challenging for the height-based terrain following coordinate.
The initial hydrostatic conditions in these tests are specified
in terms of Exner pressure Π = (𝑝/𝑝0 )𝑅𝑑 /𝑐𝑝 and potential
temperature 𝜃 via the hydrostatic relation 𝑑Π/𝑑𝑧 = −𝑔/(𝑐𝑝 𝜃).
Setup of each case will be described in detail in Section 4.
The semianalytical solutions to mountain waves are
derived from the linear theory. We first briefly introduce the
linear theory before discussing the numerical results.
Using the linear theory [29], the small-amplitude 2D
mountain waves can be described by a single partial differential equation as
𝜂𝑥𝑥 + 𝜂𝑧𝑧 + 𝑙2 𝜂 = 0,

(8)

where 𝜂 is the vertical displacement of a parcel at a steady state
and 𝑙 = 𝑁0 /𝑈 is Scorer parameter which is constant for an
elastic, isothermal, and nonshear uniform flow. 𝑁0 is BruntVäisälä frequency.
For a bell-shaped mountain studied in this paper, the
analytic solution of (8) can be obtained by using the Fourier
transform method. The vertical displacement of a parcel
𝜂(𝑥, 𝑧) is obtained by
𝜂 (𝑥, 𝑧) = (

(6)

where 𝜏 is the relaxation coefficients and q𝑏 is the specified reference state. More details about the strength of the
Rayleigh damping 𝜏 and the formulations of semidiscrete noflux condition are described in [10].

ℎ0 (m)
1
1
100
100
500
500

Test cases
1
LHM
2 LNHM
A3
3
A4
D1
4
D2

𝜌0 1/2
)
𝜌 (𝑧)

𝑙

1/2
⋅ Re {∫ ℎ̃ (𝑘) exp [𝑖 (𝑙2 − 𝑘2 ) 𝑧] exp (𝑖𝑘𝑥) 𝑑𝑘}
0

∞

1/2
+ ∫ ℎ̃ (𝑘) exp [− (𝑘2 − 𝑙2 ) 𝑧] exp (𝑖𝑘𝑥) 𝑑𝑘,
𝑙

(9)

4

Advances in Meteorology

̃ is Fourier transform of the
where 𝑘 is the wave number, ℎ(𝑘)
√
mountain shape, 𝑖 = −1, and Re{ } indicates the real part of
a complex number.
From (9), it is found that the solution for 𝜂(𝑥, 𝑧) is
proportional to the maximum height of mountain ℎ0 since
̃
ℎ(𝑘)
= ℎ0 𝑎 exp(−𝑘𝑎). The flow pattern of the mountain wave
depends on the dimensionless quantity 𝑎𝑙. When 𝑎𝑙 ≪ 1,
the wave disappears and a simple uniform flow is retrieved.
Forced by the lower topographic surface, the flow climbs up
and goes down along the mountain and the highest speed and
lowest pressure occur at the top of the mountain. When 𝑎𝑙 ≫
1, the buoyancy-dominated hydrostatic flow over an isolated
ridge develops and the disturbance energy is propagating
upward away from the mountain. When 𝑎𝑙 = 1, the flow is in
the nonhydrostatic regime, and the nonhydrostatic mountain
waves will appear. It is also necessary to consider another
nondimensional parameter ℎ0 𝑙, that is, mountain height
scaled by Scorer parameter, which suggests the applicability
of linear theory. Generally, the small value of ℎ0 𝑙 (ℎ0 𝑙 ≪ 1)
in test cases 1 to 3 meets the linear theory assumption since
the mountain is relatively low in comparison with the vertical
stratification. While ℎ0 𝑙 ≈ 1 in test case 4, the nonlinear
effects have to be considered for a high mountain.
The vertical flux of horizontal momentum is a measure of
the performance of a numerical model to simulate the wave
energy. Following Eliassen and Palm [33] and Smith [29],
the vertical flux of horizontal momentum (called momentum
flux hereafter) is defined as
+∞

𝑀 (𝑧) = ∫

−∞

𝜌 (𝑧) 𝑢 (𝑥, 𝑧) 𝑤 (𝑥, 𝑧) 𝑑𝑥,

(10)

where 𝜌(𝑧) is the reference density and 𝑢 and 𝑤 are the wind
disturbances from the basic state.
𝑀(𝑧) is constant for linear mountain waves in a constant
mean wind [33]. Furthermore, when the linear mountain
waves are irrotational and hydrostatic, the analytic momentum flux is given as
𝜋
𝑀𝐻 (𝑧) = − 𝜌0 𝑁0 𝑈0 ℎ02 ,
4

(11)

where 𝜌0 and 𝑈0 are the reference density and horizontal
velocity values at the ground level.

4. Numerical Results
4.1. Case 1: Linear Hydrostatic Mountain Waves. The initial
state is an isothermal atmosphere with the constant temperature of 𝑇 = 250 K moving at a constant velocity 𝑈 = 20 ms−1 .
The Brunt-Väisälä frequency 𝑁0 = 𝑔/√𝑐𝑝 𝑇 in this case. As a
result, the reference Exner pressure is Π = exp(−(𝑔/𝑐𝑝 𝑇)𝑧).
The computational domain is [0, 240000] m × [0, 30000] m
with the grid spacing of Δ𝑥 = 1200 m and Δ𝜁 = 240 m. The
MCV model is integrated up to 10 hours.
According to the linear theory, the parameter 𝑎𝑙 determines the hydrostatically balanced mountain waves in this
test. Figures 1(a) and 1(b) show the numerical and the semianalytical solutions of vertical velocity component 𝑤 at 𝑡 = 10

hours. The MCV model can accurately capture the mountain
waves triggered by the gentle slope, except the numerical
maxima and minima contours in the vertical velocity field are
slightly weaker than the analytic ones. Compared with the
existing numerical results obtained by high order schemes
such as spectral element (SE) and discontinuous Galerkin
(DG), the present results look quite similar to those in [34].
The momentum fluxes at different instants are plotted in
Figure 1(c). Values normalized by 𝑀𝐻 given in (11) are shown.
As the linear hydrostatic mountain waves exist in this test,
the vertical variation of the normalized momentum flux is
usually used to examine the numerical dissipation of a model.
As shown in Figure 1(c), as the mountain wave develops into
a mature state, the momentum flux gradually approaches a
vertically uniform distribution with a value close to unity of
the analytical solution. At 𝑡 = 10 (i.e., nondimensional time
𝑈𝑡/𝑎 = 72), the numerical flux is about 0.99 at the surface and
approaches 0.9645 at the height of double vertical wavelength
(𝑧 = 2𝜋/𝑙 ≈ 6.4 km). Present results are competitive to those
shown in [7, 35], where the flux at 𝑧 = 6.4 km is 94% of its
steady value at nondimensional time of 60 in [35] and the flux
reaches 0.96 at later time at a height just below their Rayleigh
damping layer (12 km) in [7]. The results reveal that the high
order accuracy of MCV model is much beneficial to improve
the simulation of nondissipative hydrostatic mountain waves.
4.2. Case 2: Linear Nonhydrostatic Mountain Waves. The
initial state of the atmosphere is specified as a flow of
uniform horizontal velocity 𝑈 = 10 ms−1 with Brunt-Väisälä
frequency 𝑁0 = 0.01 s−1 . The reference potential temperature
and Exner pressure are

𝜃 = 𝜃0 exp (
Π=1+

𝑁02
𝑧) ,
𝑔

𝑁02
𝑔2
(exp
(−
𝑧) − 1) ,
𝑔
𝑐𝑝 𝜃0 𝑁02

(12)

(13)

respectively, with 𝜃0 = 280 K. The computational domain is
[0, 144000] m × [0, 30000] m with a resolution of Δ𝑥 = 360 m
and Δ𝜁 = 300 m. The model runs for 5 hours. The flow is in
the nonhydrostatic regime since the dimensionless parameter
𝑎𝑙 = 1. The averaged inclination angle is about 0.06 degrees,
which is larger than that of case 1. The nonreflecting boundary
conditions in this case are imposed by placing the damping
term in the computational domain 𝜁 ≥ 15 km for the top
boundary and the thickness of 30 km for the lateral boundary.
Figures 2(a) and 2(b) show the numerical and the semianalytical solutions of vertical velocity 𝑤 after 5 hours (nondimensional time of 180) for linear nonhydrostatic mountain
waves. It is observed that the linear nonhydrostatic mountain
waves are distinguished from the linear hydrostatic ones by
the dispersive character of wave trains behind the mountain
peak. The simulated vertical velocity agrees well with the
analytical solution and the numerical result of other existing
high order schemes, for example, DG3 model in [34].
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Figure 1: Numerical results of linear hydrostatic mountain waves. Numerical solution (a), semianalytical solution (b), and normalized
momentum flux (c) are shown. The contour values vary from −0.005 to 0.005 with an interval of 0.0005. Negative values are denoted by
dashed lines.

Similar to previous case, the momentum flux profiles
at 1, 2, 3, 4, and 5 hours are plotted in Figure 2(c). It is
noted that the momentum flux profiles are normalized by
the analytic nonhydrostatic momentum flux 𝑀NH (𝑧) =
0.457𝑀𝐻(𝑧) which is only valid for 𝑎𝑙 = 1. It can be
seen that the model results have almost reached the steady
state at nondimensional time of 180. This situation is also
observed from the convergence of momentum flux at the
nondimensional time of 72, 108, and 144. As a matter of fact,
the flux at nondimensional time of 180 approaches 0.97 at
the height of 12 km. The MCV nonhydrostatic model can

simulate the linear nonhydrostatic mountain waves quite well
as the linear theory predicts.
4.3. Case 3: Simple Flows. Two types of waves are checked
in case 3, which are denoted as A3 and A4 cases following
Satomura et al. [32]. In these cases, the wave structures
diminish, and the topographic forcing is limited only to the
lower atmosphere, which is referred to as the simple flow
pattern in this paper. The reference constant wind at the initial
time is 𝑈 = 10 ms−1 with Brunt-Väisälä frequency 𝑁0 =
0.02 s−1 for both cases. The reference potential temperature
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Figure 2: Same as Figure 1, but for linear nonhydrostatic case.

and the Exner pressure are determined the same as in case 2,
but with 𝜃0 = 250 K.
4.3.1. A3 Case. The computational domain is [0, 12000] m ×
[0, 8000] m with a grid spacing of Δ𝑥 = 60 m and Δ𝜁 = 60 m.
The model runs for 20 minutes (nondimensional time of 120)
until it reaches the steady state. Compared with cases 1 and
2, the mountain slope is steeper, that is, roughly 26.5 degrees
in regard to averaged inclination angles. The damping term is
imposed in the computational domain 𝜁 ≥ 4 km for the top
boundary and the thickness of 3 km for the lateral boundary
to assure the nonreflecting boundary conditions.

Figures 3(a) and 3(b) depict the numerical and the semianalytical solutions of vertical velocity 𝑤 at nondimensional
time of 120. The numerical results by MCV model are visually
identical to those by the linear theory. In case of the equivalent DOF resolution, that is, Δ𝑥DOF = Δ𝑥/3 = 20 m, the
present results agree well with those in Satomura et al. [32].
The dimensionless parameter 𝑎𝑙 = 0.2 indicates that a simple
irrotational flow will appear in the simulation. It is manifested
by the streamlines shown in Figure 3(c), where the steady
flows climb up to the peak of mountain and then go down,
and the largest speed and the lowest pressure are observed
at the top of the mountain. The momentum flux scaled by
𝑀𝐻 given in (11) is presented in Figure 3(d). It should be

7

2

2

1.5

1.5

Z (km)

Z (km)

Advances in Meteorology

1

0.5

0

1

0.5

5

5.5

6
X (km)

6.5

0

7

5

5.5

(a)

6
X (km)

6.5

7

(b)

4
1.5
3.5
3

Z (km)

Height (km)

1

2.5
2
1.5

0.5
1
0.5
0

5

5.5

6
X (km)

6.5

7

0

0

0.2

0.4
0.6
0.8
Normalized momentum flux

1

1.2

20 min
(c)

(d)

Figure 3: Numerical results of case A3. Numerical solution (a), semianalytic solution (b), streamlines from 0 to half vertical wavelength
height over an isolated mountain (c), and normalized momentum flux (d) are shown. Contour interval is 0.25 ms−1 . All negative values are
denoted by dashed lines.

pointed out here that we use ℎ0 = 27 m, instead of the real
mountain height, to calculate 𝑀𝐻 to make the normalized
values of momentum flux distributed around unity for better
illustration. The values of normalized flux in our model
remain between 0.2 and 1.2. Similar treatment is also adopted
in following test cases. The profile below the nonreflecting
absorbing layer at 4 km shows small fluctuations, which are
also observed in [32, Figure 9(a)].
4.3.2. A4 Case. The computational domain is [0, 3000] m ×
[0, 2000] m with a grid spacing of Δ𝑥 = 15 m and Δ𝜁 = 15 m.

The model is integrated for 10 minutes (nondimensional time
of 120). The nonreflecting boundary conditions in this case
are imposed by placing damping term in the computational
domain 𝜁 ≥ 1 km for the top boundary and |𝑥 − 1.5 km| ≥
1.2 km for the lateral boundary.
Figures 4(a) and 4(b) show that the numerical and
the semianalytical solutions of vertical velocity 𝑤are at
nondimensional time of 120, which agree quite well. Our
results also agree well with those in [32] when using the
equivalent DOF resolution; that is, Δ𝑥DOF = 5 m. The
concavity of vertical velocity near the ground is observed in
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Figure 4: Same as Figure 3, but for case A4. Contour interval is 1.0 ms−1 .

the present results, which also appears in MRI/NPD-NHM
model with horizontally explicit and vertically implicit (HEVI) method and TSO model in [32]. Compared with A3 case,
the dimensionless parameter 𝑎𝑙 is smaller and equals 0.1. As
a result, the wave structure predicted by the linear theory is
the simple pattern flow and confirmed by streamlines shown
in Figure 4(c).
The mountain slope in this case is steeper than the A3 case
due to a narrower half mountain width 𝑎, and the averaged
inclination angle is about 45 degrees. This case verifies the
performance of the proposed numerical model to simulate
the waves generated by steep mountains. Furthermore, the
normalized flux profile scaled by formulation (11) with ℎ0 =

21 m is shown in Figure 4(d). It is observed that the flux
profile below the nonreflecting absorbing layer at 1 km is
nearly unity, which is better than those in Satomura et al. [32].
4.4. Case 4: Nonlinear Mountain Waves. Similar to case 3,
two types of mountain waves are tested in case 4 and denoted
by D1 and D2 cases in Satomura et al. [32]. The initial constant
mean flow is 𝑈 = 10 ms−1 with Brunt-Väisälä frequency 𝑁0 =
0.01 s−1 for both cases. The reference potential temperature
and the Exner pressure are computed the same as in case
2. The model runs for 100 minutes. In case 4 the parameter
ℎ0 𝑙 ≈ 1, and the mountain is specified to be high enough to
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Figure 5: Same as Figure 3, but for case D1. Contour interval is 0.2 ms−1 .

take the nonlinear effects into account [29], which is different
from other test cases in this study.
4.4.1. D1 Case. The computational domain is [0, 18000] m ×
[0, 30000] m with a grid spacing of Δ𝑥 = 150 m and Δ𝜁 =
150 m. Similar with A3 case, the averaged inclination angle
is about 26.5 degrees. The damping term is placed in the
computational domain 𝜁 ≥ 10 km for the top boundary and
|𝑥| ≥ 10 km for the lateral boundary.
Figures 5(a) and 5(b) give the numerical and the semianalytical solutions of vertical velocity 𝑤 at nondimensional
time of 120. The pattern of vertical velocity simulated by MCV
model compares quite well with that of the linear theory.

Compared with the results shown in [32], our results agree
well with those of TSO model when using the equivalent DOF
resolution; that is, Δ𝑥DOF = 50 m. It is noticed that there
is slight difference in the amplitudes between our result and
the analytical solution. It may owe to the nonlinear effects of
the high mountain. Different from case 3, the dimensionless
parameter 𝑎𝑙 equals 0.5 so that the waves will propagate
upward. The streamlines are plotted in Figure 5(c) and it is
observed that the mountain waves propagate upward behind
the mountain peak. The normalized flux profile scaled by
formulation (11) with ℎ0 = 250 m is presented in Figure 5(d).
It can be seen that the flux profile below 12 km is nearly
unity, whereas the flux fluctuation is visible under the height

10

Advances in Meteorology
10

8

8

6

6
Z (km)

Z (km)

10

4

4

2

2

0

8

10

12

14
16
X (km)

18

20

0

22

8

10

(a)

12

14
16
X (km)

18

20

22

(b)

12
6
10

8

Z (km)

Height (km)

4

6

2

4

1

2

0

5

10

15
X (km)

20

25

0

0

0.2

0.4
0.6
0.8
Normalized momentum flux

1

1.2

100 min
(c)

(d)

Figure 6: Same as Figure 3, but for Case D2. Contour interval is 0.5 ms−1 in this case.

of 8 km. Although the mountain is high enough to take
into account the nonlinear effects, the flux profile from the
numerical model is close to that of the linear theory except
the fluctuation structure.
4.4.2. D2 Case. In this case all mountain parameters are the
same as in the D1 case except the half width of mountain 𝑎 =
250 m, which leads to the increase of the averaged inclination
angle of mountain to about 45 degrees. The dimensionless
parameter 𝑎𝑙 = 0.25, and in this case the vertically propagating wave will not be noticeable. The boundary conditions
are imposed the same as D1 case.

The numerical and semianalytical solutions of vertical
velocity 𝑤 at nondimensional time of 240 are plotted in
Figures 6(a) and 6(b). It is seen that the wave propagates with
the similar structure compared with that by the linear theory.
However, the vertical velocities are larger than the analytical
solution due to the significant nonlinear effects of the high
mountain, which are also observed in [32]. The dimensionless
parameter 𝑎𝑙 equals 0.25 and is smaller than D1 case, which
means the upward propagating waves are relatively weak. This
is confirmed by the numerical results shown in Figure 6(c)
for the streamlines. The normalized flux profile scaled by
formulation (11) with ℎ0 = 180 m is shown in Figure 6(d).
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The values of normalized flux by the MCV model are
nearly unity and fluctuate with the height. The flux profile
structure at nondimensional time of 240 is similar to those
of MRI/NPD-NHM model (HE-VI) and TSO model in [32]
when using the equivalent DOF resolution Δ𝑥DOF = 50 m.

5. Conclusions
The mountain waves triggered by a constant flow over a
bell-shaped mountain are investigated by MCV compressible nonhydrostatic atmospheric model with the application
of the height-based terrain following coordinate. A set of
mountain wave test cases in which the mountain slopes
range from 0.006 to 45 degrees are systematically checked.
Comparison with the semianalytical solution from the linear theory reveals that the present model can accurately
reproduce various mountain waves in the linear regime.
The numerical results are also compared with other existing
models, including high order models using SE and DG
schemes as well as other operational and research models,
which verifies the numerical accuracy of the present model
in representing complex topography of different steepness.
Verified in this work, the MCV model can accurately capture various mountain-triggered waves by using the heightbased terrain following coordinate, which thus provides a tool
for better understanding the mountainous weather processes
and the related air pollution in the boundary layers over
mountainous terrains.
Being nodal-type high order scheme, the MCV method
has significant advantage in treating geometrical metric
terms. It can be concluded from the present study that
the present numerical framework, which adopts the MCV
scheme and the height-based terrain following coordinate, is
promising for further developing 3D nonhydrostatic atmospheric model.
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China has been experiencing severe air pollution and previous studies have mostly focused on megacities and a few hot spot regions.
Hefei, the provincial capital city of Anhui province, has a population of near 5 million in its metropolitan area, but its air quality has
not been reported in literature. In this study, daily PM10 and visibility data in 2001–2012 were analyzed to investigate the air quality
status as well as the twelve-year pollution trends in Hefei. The results reveal that Hefei has been suffering high PM10 pollution and
low visibility during the study period. The annual average PM10 concentrations are 2∼3 times of the Chinese Ambient Air Quality
Standard. PM10 shows fluctuating variation in 2001–2007 and has a slightly decreasing trend after 2008. The annual average visibility
range is generally lower than 7 km and shows a worsening trend from 2001 to 2006 followed by an improving trend from 2007 to
2012. Wind speed, precipitation, and relative humidity have negative effects on PM10 concentrations in Hefei, while temperature
could positively or negatively affect PM10 . The results provide a general understanding of the status and long-term trends of PM10
pollution and visibility in a typical second-tier city in China.

1. Introduction
Particulate matter (PM) is a pollutant of great environmental
concern due to its tight correlation with health conditions
of people [1–5] and the climate of the earth [6–8]. PM is
actually a complex mixture of extremely small particles and
liquid droplets, with chemical components of sulfate, nitrate,
ammonium, elemental carbon, organic chemicals, metals,
and so forth [9], the emissions of which originate from both
anthropogenic and natural sources [6, 10, 11]. Based on the
aerodynamic diameter of particles, PM is classified into
PM2.5 (PM with an aerodynamic diameter ≤2.5 𝜇m), PM10
(PM with an aerodynamic diameter ≤10 𝜇m), and TSP (total
suspended particles, PM with an aerodynamic diameter
≤100 𝜇m) [12].
Visibility usually refers to the horizontal distance, at
which the contrast between a target and its sky background
equals the threshold of human eyes [13]. Visibility can
be significantly associated with air quality as it could be

decreased by air pollutants via light scattering and absorption
by fine particles in the atmosphere [13–15]. Thus, visibility
can be taken as a highly relevant visual indicator of air
pollution level [16]. China has been experiencing severe air
pollution in recent decades resulting from the rapid industrial
development and urbanization. Many studies have reported
the high PM pollution levels and the degradation of visibility
due to the worsening air quality in China [13, 16–18].
Analysis on long-term changing trends of PM pollution
and visibility is an important approach to evaluate the overall
impact on air quality at local, regional, continental, and
global scales [13, 19]. In China, the relevant studies have been
focused on the megacities [20–24] and some hot spot regions
such as the North China Plain [14, 23, 25–27], the Yangtze
River Delta region [17, 18, 28, 29], and the Pearl River Delta
region [16, 30]. Few studies on PM pollution and visibility
over a specific second-tier city, such as Hefei, have been
carried out, and therefore long-term changing trends of PM10
pollution and visibility remain unknown in these areas.
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Table 1: The bottom and upper limit of API values and corresponding PM10 concentrations.
API
Beijing

Xi’an
Hefei Shanghai

Guangzhou

Figure 1: Location of Hefei city, as marked by the red rectangle.

The government of China started routinely monitoring
PM10 , sulfur dioxide (SO2 ), and nitrogen dioxide (NO2 ) in
Hefei in June 2000. Routine measurement of PM2.5 was introduced until January 2013, and no routine measurement of TSP
was available in Hefei. Therefore, long-term trends analysis
is only feasible for PM10 in Hefei. In this study, analysis of
twelve-year trends of PM10 and visibility in Hefei during the
period of 2001–2012 was performed. The study investigated
the general patterns of PM10 and visibility trends in Hefei
over the recent twelve-year period by analyzing the seasonal
and annual behavior of PM10 and visibility. In addition, the
meteorological factors that may affect PM10 pollution and
visibility were also examined. The results provide a general
understanding of the long-term PM10 pollution and visibility
characteristics, which can be served as a basic data support
for local government to further mitigate the environment
pollution and to improve air quality control plans for the city.

2. Materials and Methods
2.1. Study Areas. Hefei (center: 117.19 37 , 31.44 55 ) is the
capital city of Anhui province, located in the east center of
China, about 1000 km south to the national capital city of
Beijing and 450 km west to the city of Shanghai (Figure 1).
Hefei is the largest city and the political, economic, and
cultural center of Anhui province. Hefei has a total population
of about 8 million and near 5 million inhabitants reside in its
metropolitan area in 2012 [31]. Hefei has a GDP of 416 billion
Chinese currency, ranked number 1 in Anhui province and
number 31 in China in 2012 [31]. The main industry includes
machinery, electronics, chemistry, steel, textile, and cigarette
industries. Hefei has been identified by The Economist in
the December 2012 as world’s number 1 fastest growing
metropolitan economy (http://www.economist.com/node/
21567579).
2.2. Data Source. Daily air pollution index (API) and the
major pollutant data during June 2000 to January 2013 in
Hefei were downloaded from the website of the Ministry of
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Environmental Protection of the People’s Republic of China
Data Center (http://datacenter.mep.gov.cn/). Multiple sites
have been built up in Hefei (4 sites in 2000 and then gradually
expanded to 9 sites with the expansion of the city by 2010).
The monitoring sites are all located in the urban area. Even
though ambient concentrations of PM10 , NO2 , and SO2
have been routinely monitored at multiple sites, the data
website only publishes city-average API values (averaged
over all sites). The complete data in 2001–2012 were therefore
analyzed in this study. Daily API values were estimated based
on the ambient concentrations of PM10 , NO2 , and SO2 .
First, sub-API (i.e., API of one specific pollutant) values were
estimated for PM10 , NO2 , and SO2 , respectively, and then the
maximum sub-API value was determined as the daily API
and the associated pollutant was determined as the major
pollutant. In Hefei, PM10 was the major pollutants on all the
pollution days in 2001–2012 (http://datacenter.mep.gov.cn/
report/air daily/air dairy aqi.jsp). Therefore, daily PM10
mass concentrations were converted back from API values
using the following:
𝐶 = (𝐼 − 𝐼bottom ) ×

𝐶upper − 𝐶bottom
𝐼upper − 𝐼bottom

+ 𝐶bottom ,

(1)

where 𝐶 is the PM10 concentration and 𝐼 is the API value.
𝐼upper and 𝐼bottom are the upper and bottom limit values for 𝐼
(i.e., 𝐼bottom ≤ 𝐼 < 𝐼upper ). 𝐶upper and 𝐶bottom are the upper
and bottom limit concentrations corresponding to 𝐼upper and
𝐼bottom . Table 1 shows the values of 𝐼bottom , 𝐼upper , 𝐶bottom , and
𝐶upper .
The meteorological observation data in 2001–2012 were
obtained from the National Climate Data Center (NCDC)
(ftp://ftp.ncdc.noaa.gov/pub/data/noaa/). The meteorological data includes hourly surface observations of air temperature, dew point temperature, wind speed, wind direction,
precipitation. Relative humidity was estimated using the temperature and dew point temperature. Hourly meteorological
parameters then were averaged to daily values to investigate
their correlations to daily PM10 and visibility.

3. Results and Discussion
3.1. PM10 Trends. Figure 2(a) displays the long-term trends of
the PM10 concentrations in Hefei during the period from 2001
to 2012. The statistical results for each year were computed
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Figure 2: (a) Statistical box chart of long-term trends for the PM10 concentration in Hefei during the period from 2001 to 2012. The range of
the box represents the interquartile range of the data. (b) The worst 20% and 50% and best 20% region-average PM10 concentration trends in
Hefei during the period from 2001 to 2012. Dotted lines are the linear regression curves of the corresponding trend lines.

using the individual daily data. The annual average concentrations of PM10 show fluctuating variation in 2001–2007 and
slightly decrease after 2008, with an overall increasing trend
of 0.24 𝜇g m−3 per year (Figure 2(b)). The minimum PM10
annual average concentration is 93 ± 41 𝜇g m−3 observed in
2005 and the maximum is 126 ± 55 𝜇g m−3 observed in 2008.
The annual average PM10 concentrations are 2∼3 times of
Grade I Chinese Ambient Air Quality Standard for annual
average PM10 (40 𝜇g m−3 ) [32], underscoring serious air
pollution status in Hefei. The minimum PM10 concentration
values for the twelve years ranged from 9 to 23 𝜇g m−3 with
a low deviation magnitude; however, the maximum values
revealed a significant annual variation with no clear trend
during this period. The maximum PM10 concentration was
248 𝜇g m−3 in 2001 and then concentration value drastically
increased to 470 𝜇g m−3 in 2002, followed by a continuous
decrease from 2004 to 2007. The concentration went back to
506 𝜇g m−3 in 2008 and showed a zigzag behavior after that.
The maximum PM10 in Hefei is 230 𝜇g m−3 in 2012, which
is the lowest value during the twelve years but is 4 times of
Grade I Chinese Ambient Air Quality Standard for 24-hour
average PM10 (50 𝜇g m−3 ) [32].
Figure 2(b) shows the worst 20% and 50% and best 20%
average PM10 concentration trends in Hefei during the period
from 2001 to 2012. Dotted lines are the linear regression
curves of the corresponding trend lines. An increasing trend
is found for the best 20% PM10 concentrations at the rate of
0.52 𝜇g m−3 per year. A similar but relatively smaller trend is

found for the average PM10 concentrations of 0.24 𝜇g m−3 per
year. However, the worst 20% PM10 concentration exhibited a
declining trend of 1.18 𝜇g m−3 per year. It should be noted that
the trends are not statistically significant, as the correlation
coefficients (𝑅2 ) are all below 0.15 for the three trends. Therefore, overall the PM10 pollution situation has not been significantly improved during these years in Hefei. Considering the
high PM10 levels, further legislation efforts will be expected
to inhibit PM pollution and improve air quality in Hefei.
Figure 3 shows the frequency distribution of daily PM10
concentrations in Hefei in each year during 2001–2012 in five
concentration ranges: 0–50, 50–100, 100–150, 150–200, and
>200 𝜇g m−3 . PM10 concentrations in the range of 50–100
and 100–150 𝜇g m−3 dominate most days of a year, accounting
for approximately 70% of all days in a year. The number of
days with PM10 concentration less than 100 𝜇g m−3 shows
an increasing trend during 2008 to 2012, indicating a slight
improvement in air quality since 2008. The days with the
PM10 concentration over 200 𝜇g m−3 only account for less
than 10% of the total days over all the years, except 2002 and
2008, and show no clear trend.
To learn more about the temporal variations of PM10 , the
data are divided into four seasonal groups. Each season is
defined as spring (March to May), summer (June to August),
fall (September to November), and winter (December to
February). Figure 4 presented the seasonal variations for
PM10 concentration in Hefei during 2001–2012. Of all the
twelve years, summer has the lowest PM10 concentrations
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Figure 3: Frequency distribution of daily PM10 concentration in
Hefei during the period from 2001 to 2012. Note: PM10 concentration
unit: 𝜇g m−3 .

among all seasons with the lowest standard deviation, varied
in the range of 71 ± 18 (2005) to 104 ± 45 (2008) 𝜇g m−3 . The
other three seasons have similar PM10 concentrations, with
the 12-year mean values of 114±14 (spring), 114±11 (fall) and
112 ± 11 (winter) 𝜇g m−3 , respectively. Higher dilution due
to warmer temperature and mixing layer and higher removal
due to more precipitation in summer are the main driver of
relatively clean PM10 status in summer. In addition to the
effects of meteorological conditions, additional emissions in
other seasons (such as agricultural biomass burning in the
spring and fall [8], residential house heating, and fireworks
during the Chinese New Year [33]) also contribute to the
difference among the seasons. Even though the summer
concentrations are the lowest, still the concentrations are
several times higher than Grade I Chinese Ambient Air
Quality Standard. The relatively weak seasonal variation,
especially among spring, fall, and winter, is not consistent
from the seasonal pattern in other cities [34], suggesting the
pollution sources and processes are different in Hefei.
3.2. Visibility Trends. Long-term trend of visibility in Hefei
has been analyzed for the period of 2001–2012, and the annual
statistical results are shown in Figure 5(a). The annual average
visibility is less than 7 km in all the years except 2001 and
2004. The best visibility is found in 2001 with the highest
value of 23.2 km and the average value of 8.6 km. The visibility
shows a worsening trend from 2001 to 2007. In 2007, the
highest visibility is 11.7 km, and the lowest value is only
0.7 km, with an average one of 5.6 km. The mean visibility
presents a slightly increasing trend by 9.5% on average since
2007. In 2012, the average visibility can reach 6.1±2.5 km, and
the lowest value is 1.2 km. The highest visibility shows a clear
degradation trends from 2001 (23.2 km) to 2012 (12.0 km).

Spring
Summer

Fall
Winter

Figure 4: Seasonal variations of PM10 concentration in Hefei during
2001–2012. The error bars indicated the standard deviation for the
average PM10 concentration value in each season every year.

The general visibility situation is very serious and continuous
and effective pollution control strategy is necessary to counteract the degradation of atmospheric visibility.
The worst 20% and 50% and best 20% region-average
visibility trends in Hefei during 2001–2012 are shown in
Figure 5(b). Dashed lines are the linear regression curves of
the corresponding trend lines. Similar decreasing trends are
found over the twelve years, with the rates of 0.01, 0.08, and
0.13 km per year which were observed for the worst 20% and
50% and best 20% average visibility, respectively. However, it
is encouraging to notice slight increasing trends in general
since 2006 or 2007 for the three groups of data.
The trends of annual percentages (%) of visibility for
lower than 5 km and higher than 10 km in Hefei during 2001–
2012 are shown in Figure 6. The percentage of visibility lower
than 5 km is in the range of 21.9–42.7%, with an overall
increasing rate of 1.14% per year, while that of visibility higher
than 10 km is in the range of 3.8–35.3%, with an overall
decreasing rate of 1.51% per year. However, it is worthy to
notice that there is a breaking point for both trends in 2006,
similar to the visibility trends in Figure 5. The percentage
lower than 5 km visibility before 2006 exhibits a significantly
increasing trend with the rate of 3.04% per year, while,
after 2006, a decreasing trend is observed with a declining
rate of 1.09% per year. The percentage higher than 10 km
visibility before 2006 exhibits a fluctuating behavior with
a decreasing rate of 3.77% per year, and in contrast, after
2006, a steady increasing trend with a high 𝑅2 value of
0.917 and a changing rate of 0.91% per year is obtained. The
decreasing trend in PM10 after 2008 and the increasing trend
in visibility after 2006 are consistent with the air control
programs that have been implemented during the 11th fiveyear plan (2006–2010), as suggested by other studies [13, 15].
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However, more effective control programs are further needed
to keep improving the air quality and visibility in Hefei.

3.3. PM10 and Visibility versus Meteorological Factors. The
meteorological conditions are key factors determining the
status of the PM pollution and visibility. Figure 7 displays the
PM10 concentrations and visibility values in different categories of meteorological parameters of air temperature, wind
speed, wind direction, precipitation, and relative humidity
in Hefei from 2001 through 2012. The daily averages of the
five meteorological parameters are first divided into eight
categories, and PM10 concentrations and visibility values are
sorted into the eight categories correspondingly and then the
mean and standard deviation values are calculated for PM10
and visibility in each category. The PM10 follows a clear “n”
shape with the temperature, with the PM10 concentration
increasing with temperature when temperature is lower than
12∘ C, and PM10 concentration reaches a peak point of approximately 120 𝜇g m−3 at around 12∘ C; then PM10 concentration
decreases with temperature. The visibility shows somewhat
an inverse correlation with temperature with a decreasing
trend, indicating the degradation effect of particles on visibility. The effects of temperature on PM10 concentrations
are complicated. On one hand, vertical mixing, which dilutes
particles in the boundary layer, is affected by the change in
temperature and wind with height. In general vertical mixing
is stronger in hot seasons when temperature is also higher
[35]. On the other hand, temperature affects the chemical
formation of particles. Higher temperature accelerates the
reactions to form more products that can partition into
particulate phase (positive), but meanwhile the products
tend to remain in their gaseous phase when temperature
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Figure 7: Effects of meteorological factors on PM10 concentration and visibility in Hefei during 2001–2012: (a) air temperature, (b) wind
speed, (c) wind direction, (d) precipitation, and (e) relative humidity.
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Table 2: Multiple regression statistics for visibility to temperature, relative humidity, and PM10 concentraitons.
(a)

Regression statistics
Multiple 𝑅
𝑅2
Adjusted 𝑅2
Std. error
Observations

0.69
0.47
0.47
1.36
4586
(b)

Intercept
Temperature
RH
PM10

Coefficients
11.46
0.04
−0.09
−0.01

Std. error
0.14
0.00
0.00
0.00

is too high (negative) [36]. Therefore, the results in Hefei
indicate that the positive effect of temperature on particulate
dominates when temperature is lower than 12∘ C, and the
negative effects become more important when temperature
is higher than 12∘ C.
PM10 concentration decreases with the wind speed, and
visibility increases with the wind speed. Calm winds prohibit
the transport of pollutants and favor the accumulation of PM,
leading to higher PM10 concentrations and worse visibility
[15]. In terms of wind direction effect, the PM10 concentration
is the highest under the southeast winds, followed by the east
winds. The PM10 concentrations are similar under the rest of
wind directions. This phenomenon is likely due to the more
industries located in cities east to Hefei, such as Ma’anshan
and Nanjing. In winter the prevailing wind direction is north
(northwest, north, and northeast winds), accounting for 55%
of total winds, and the prevailing wind direction in summer
is east (northeast, east, and southeast winds), accounting
for 59% of total winds. The fact that the prevailing winds
in summer are associated with higher PM10 concentrations
while the high temperatures in summer lead to decrease
in PM10 concentrations (Figure 7(a)) confirms the negative
effect of temperature in summer that is discussed previously.
The visibility trend indicates that visibility is generally the best
when the wind is from the southwest and is the worst when
the wind is from the north.
PM10 decrease when the precipitation and the relative
humidity increase. Washout effect by precipitation is the
main removal process of PM10 [6, 37]. Stronger precipitation
leads to more washout of PM and thus lower ambient PM
concentrations. High relative humidity can significantly alter
the particle properties. Some particles, such as sulfates, accumulate water and grow to larger sizes at which they are more
efficient to deposit [15]. Previous study in Shanghai also found
similar correlation between PM10 and relative humidity [38].
The visibility also shows decreasing trends with increasing
precipitation rate and relative humidity, which is consistent
with other studies [39].
PM10 can directly affect visibility by scattering and
absorption light. Multiple linear regression analysis was

𝑡 stat.
80.07
18.20
−57.37
−34.26

𝑃 value
0.00
0.00
0.00
0.00

Lower 95%
11.18
0.03
−0.09
−0.02

Upper 95%
11.74
0.04
−0.08
−0.01

conducted for visibility to PM10 and the meteorological
parameters. When excluding the wind speed, wind direction,
and precipitation in the analysis, the multiple regression
correlation coefficient (multiple 𝑅) is the greatest, and the
statistical results are shown in Table 2. In Hefei, visibility is
negatively correlated to both RH and PM10 . The fact that
visibility is negatively correlated to PM10 but meanwhile
visibility and PM10 are both negatively correlated with RH
is presumably due to the synthesized effects by other factors,
such as particle sources, hygroscopicity, and hygroscopic
growth rate of particles versus loss by deposition. The analysis
of PM10 and visibility to the meteorological parameters
in Figure 7 is rather qualitative. More studies are needed
to quantify the relationships between PM10 pollution and
visibility and meteorological conditions in Hefei.

4. Conclusions
Twelve-year daily PM10 and visibility data in 2001–2012 in
Hefei were analyzed. Overall Hefei has been suffering serious
PM10 pollution during these years. The annual average PM10
concentrations are 2∼3 times of the Chinese Ambient Air
Quality Standard, and the extreme daily PM10 concentrations
are over 4 times of the standard. An overall worsening trend
is revealed for annual average and the best 20% PM10 concentrations, even though the worst 20% PM10 (i.e., the extreme
PM10 pollution) shows a decreasing trend. Unlike other
cities, PM10 in Hefei has a relatively weak seasonal variation
among spring, fall, and winter but has lower concentrations in
summer. The annual average visibility range is generally lower
than 7 km, indicating serious viability degradation in Hefei.
Moreover, visibility exhibits an overall worsening pattern
through the period. Detailed analysis reveals that the annual
average concentrations of PM10 show fluctuating variation in
2001–2007 and slightly decrease after 2008, and the visibility
shows a worsening trend from 2001 to 2006 followed by a
steadily improved trend from 2007 to 2012, indicating a gradually improved trend after the 11th five-year plan. However,
it is necessary to implement more effective control programs
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in order to keep improving the air quality and visibility in
Hefei. Wind speed, precipitation, and relative humidity have
a negative effect on PM10 concentrations, while temperature
has a negative effect on PM10 when it is above 12∘ C and has
a positive effect when it is lower than 12∘ C. Precipitation and
relative humidity also have a negative effect on visibility.
This study reports the long-term trends of PM10 and
visibility for the first time in the Hefei metropolitan area and
provides a general understanding of the status and trends
of PM10 pollution and visibility in a typical second-tier city
in China. More studies are still needed in this area, such
as field measurement and modeling studies to investigate
the chemical and physical properties of particles during PM
pollution events, source apportionment studies of PM and
visibility to reveal the contributions of different sources to PM
and visibility, modeling studies of regional transport of PM
and its precursors, and effects of meteorological condition
change on the year-to-year variability of PM concentrations.
These studies will provide necessary scientific support for
developing local and regional emission mitigation programs
around the Hefei metropolitan area.
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It has been previously established that photochemical smog occurring in the Pearl River Delta Region (PRD) was associated with
stagnant meteorological conditions. However, the photochemical smog (17 July to 20 July 2005) induced by typhoon Haitang was
associated with moderate wind speed and nonstagnant meteorological conditions. The dynamic process of this ozone episode was
studied using an integrated numerical model, that is, a mesoscale meteorological model and Community Multiscale Air Quality
(CMAQ) model. Model performance has been evaluated using both ground-based meteorological and air quality observations.
Analysis of simulated wind fields and ozone budget has been performed. This dynamic process is summarized into three physical
factors. First, the westerly wind placed Hong Kong directly downwind of the PRD emissions. Second, the convergence of wind
flow stimulated a vertical local circulation near the surface layer. This recirculation allowed primary and secondary pollutants to
accumulate. Third, the conditions of high air temperature and low humidity resulted in active photochemical reactions. These
combined effects resulted in the formation of high ozone in this episode.

1. Introduction
Hong Kong is a subtropical coastal mega city located in the
Pearl River Delta (PRD) region, which is one of the most
rapidly urbanized and industrialized regions in China. In the
past two decades, air pollutant emissions from motor vehicles, power plants, industry, and infrastructure construction
have been increasing due to rapid economic development.
This has directly resulted in the deterioration of air quality
as well as degradation in visibility.
High levels of ozone are occasionally found in various
districts of Hong Kong (http://www.epd.gov.hk/epd/english/
environmentinhk/air/studyrpts/files/final rept.pdf). Many
studies have reported that synoptic-scale flow patterns
and meso/local weather phenomenon have strong effects
on the development of photochemical ozone episodes in
the PRD region [1–3]. Weather patterns related to winter
monsoon and tropical cyclones are found to be conducive to

the occurrence of smog [4, 5]. Lee et al. [6] studied Hong
Kong surface ozone episodes in the summer months between
1994 and 1999, while tropical cyclones dominated circulation
patterns in the PRD and South/Central China regions.
They concluded that summer ozone episodes in Hong
Kong are related to the tropical cyclone path. By inspecting
weather charts, Wang and Kwok [7] also found out that
severe and prolonged pollution episodes were induced by
a quasistationary tropical cyclone in the East China Sea
that caused air subsidence and stagnation over the PRD.
Huang et al. [8] also similarly concluded that the synoptic
patterns associated with tropical cyclones originating in the
Western Pacific Ocean and the South China Sea were the
most optimal weather conditions for the formation of ozone
episodes in Hong Kong. Using aerosol observations, Wu et
al. [9] showed that an extremely low visibility event over
the PRD region in November 2003 was related to typhoon
Melor. The presence of tropical cyclones caused a change
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in meteorological conditions and thus influenced local and
regional haze [10–12].
On a smaller scale, Wang et al. [13] discovered that recirculation of “aged” urban air was another possible mechanism
for high surface ozone episodes in Hong Kong. Hu and
Xue [14] studied how sea breeze at nighttime significantly
influenced the planetary boundary layer characteristics over
coastal area. Ding et al. [15] showed how local wind fields,
such as land-sea breeze circulation in coastal areas, influenced the transport of oxidant precursors, the residence time,
and reentry of photochemical compounds. Lasry et al. [16]
showed how the combination of sea and lake breezes with
emissions of reactive volatile organic compounds (VOCs) can
generate local intense ozone peaks.
The worst air quality in Hong Kong is believed to occur
in presence of subsidence of a tropical cyclone, wherein there
is abundance of solar radiation, low humidity, light wind,
and weak dispersion [17]. Tropical cyclones produce a strong
descent motion in the lower troposphere over the peripheral
area, resulting in a relatively weak surface wind speed and
low planetary boundary layer (PBL) in PRD. As a result,
the strong subsidence confines the air pollutants into a very
shallow layer, while the weak horizontal wind usually keeps
air pollutants inside the source region, producing air quality
problems such as photochemical smog and poor visibility.
Whereas previous studies have established the fact that
the presence of a tropical cyclone on the western Pacific
Ocean could induce poor air quality in the PRD, the driving
mechanism may not be unique. A tropical cyclone is a moving
system with a continuous change in location and intensity.
These dynamics are expected to modulate atmospheric dispersion in the PRD. In this paper, we will reveal another
mechanism for the ozone episodes under the tropical cyclone
circulation. A case study was carried out for a regional ozone
episode recorded in Hong Kong between 17 July and 20 July,
2005, when typhoon Haitang was moving across Taiwan. A
numerical air quality simulation was performed using an
integrated air quality modeling system consisting of MM5
3.7, CMAQ 4.6 [18–20], and Sparse Matrix Operator Kernel
Emissions (SMOKE) model system. Our aim was to elucidate
the evolution of typhoon Haitang together with the change in
air quality. We sought to better understand the mechanism of
the outer band flow of tropical cyclones and its relationship
with poor air quality over the PRD.

2. Characterization of Typhoon
Haitang Related Ozone Episode
2.1. Meteorological Characteristics. During the period from 17
July to 20 July 2005, a regional ozone episode was recorded
at Hong Kong. At the same time, a mesoscale synoptic
system, typhoon Haitang, was located at southeast of Taiwan.
The locations of Haitang during this period are shown in
Figures 1(a)–1(d). On 16 July, before the high ozone episode
was formed, typhoon Haitang was located at 20.7∘ N, 127.7∘ E
(about 800 km southeast of Taiwan). On 17 July, Haitang
moved in a northwest direction towards Taiwan, where its
outer band flow began to influence the PRD region and
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eventually landed in Taiwan on 18 July. Over the ensuing day,
Haitang moved across the Taiwan straits and landed on Fujian
Province of China on 20 July. The track of Haitang moved
in a counterclockwise direction relative to Hong Kong. Thus,
the location of the eye of Haitang had moved from an east to
northeast direction over Hong Kong.
To gain insight into the relationship between high surface
ozone (O3 ) and typhoon Haitang, the observed meteorological parameters, including wind, relative humidity, and visibility (observed at HKO meteorological station, location shown
in Figure 1(e)), with ozone concentration recorded at three
air quality stations (locations shown in Figure 1(e)) during
the month of July are shown in Figure 2. According to the
weather report by the Hong Kong observatory, sunny weather
first started on 10 July 2005 when a ridge of high pressure
was established over the coast of south China. Sunny and
hot weather persisted over the ensuing ten days. It became
very hot locally from 17 July to 20 July, when Haitang was
present over the western North Pacific. The intensely heated
air in inland Guangdong moved over Hong Kong as it was
entrained by the circulation of typhoon Haitang, bringing the
local temperature to a maximum of 35.4∘ C on 19 July, the
second highest temperature on record for July (http://www
.hko.gov.hk/wxinfo/pastwx/mws200507.htm). Under the
impact, high concentrations (>100 ppb) of O3 were observed
at air monitoring stations in Hong Kong for four consecutive
days from 17 July to 20 July, with maximum 1 h O3 concentration reaching 180 ppb and visibility decreasing to 0.5 km.
It is interesting to see in Figure 2 that when the ozone
episode happened, the corresponding wind speed was relatively higher than any other days in July (except for the last
three days, when an outer rain band associated with tropical
storm Washi formed over the northern part of the South
China Sea brought squally, heavy showers to Hong Kong;
this information can be found at http://www.weather.gov.hk/
wxinfo/pastwx/mws200507.htm). From 17 July to 20 July,
wind speeds averaged approximately 5 m s−1 , with an associated westerly wind direction, which showed a noticeably
larger recorded wind speed for this typhoon related ozone
episode than any other typhoons reported in previous studies.
One example for comparison is the tropical cyclone Melor
[17], where surface wind in the PRD region was less than
1.5 m s−1 .
Previous studies on typhoon related air pollution
episodes have shown that subsiding air over the outer band
of typhoon induced temperature rise and drying above the
top of the boundary layer, resulting in temperature inversion
and very stagnant conditions. However, in this case, the
vertical structures of temperature and wind, as shown in
Figure 3, do not show similar characteristics. Although there
was a significant increase in temperature aloft (on 18 July
to 20 July), there was no significant temperature inversion,
with the wind speed much higher than on nonepisode days.
Comparing the days between 18 July and 20 July (ozone
episode) with other days between 1 July and 28 July (days
without high ozone concentrations), the most significant
difference occurred within the boundary layer (as simulated
by MM5 model, the planetary boundary height showed
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Figure 1: Weather charts of Hong Kong at 1400 LST from (a) 17 July to (d) 20 July, 2005; the contour shows the sea surface pressure, unit:
hPa. Locations of meteorological and air quality stations in Hong Kong are shown in (e) (location of Hong Kong is indicated as characters on
weather charts).

regular diurnal variation of rapid increasing in the morning,
reached the peak of about 1000 to 1200 meters at about 1400
to 1600 o’clock, and then decreased in the afternoon during
the ozone episode days). Warming occurred throughout
the boundary layer during the 3 episode days. Temperature

was higher than normal by more than 3∘ C from ground
up to 1000 meters. The relative humidity was low at 60%
between 700 and 900 meters aloft. Westerly wind prevailed
throughout the boundary layer. Figure 3 shows that during
the ozone episode the PRD region was dominated by
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bottom chart shows ozone concentrations recorded at three air
quality stations: Tung Chung (TC), Tap Mun (TM), and Tsuen Wan
(TW). The dashed rectangle is demarcating the ozone episode days
from nonepisode days.

a relatively dry and strong northwesterly wind flow in the
upper boundary layer while the ground level had more
moisture with moderate westerly wind (∼5 m s−1 for 18 to 20
July). The absence of an inversion layer implies a different
impact mechanism of the tropical cyclone on photochemical
smog in the PRD region and justifies further studies.
2.2. Characteristics of Downwind O3 , CO, NOx , and SO2 during the Episode. The air pollutant concentrations observed
at the downwind air monitoring station, Tap Mun (TM),
are shown in Figure 4. Considering Hong Kong was under
northwesterly and westerly wind within the PBL, the TM
station, which is located to the east of Hong Kong, was
situated in a downwind location. High surface ozone concentrations exceeding 100 ppb were observed in the afternoon
from 17 to 20 July. On both 18 July and 19 July, the surface
ozone concentrations exceeded 150 ppb. During the episode,
the diurnal variation pattern of CO, SO2 , and NOx was
quite similar to that of ozone. The substantial increase and
rapid fluctuations of air pollutants in the TM station can be
interpreted as the impact of both regional and local emission
sources from urban areas of the PRD as well as Hong Kong.
In the following sections, the transport and chemical
transformation of this episode are studied using an air
modeling system.

An air quality modeling system was set up to simulate
air pollutant concentrations during this episode. A large
one-way domain was established. The horizontal resolution
was 36 km and centered at (34.0∘ N, 110.0∘ E). The numbers of the grid cells along the north-south and east-west
directions were 111 × 178. The meteorological numerical
simulation was made using the fifth-generation Pennsylvania State University-National Center for Atmospheric
Research (NCAR) Mesoscale Model MM5, version 3.7. MM5
then provided meteorological fields for inputs into the US
Environmental Protection Agency (EPA) air quality model
MODELS-3/CMAQ (Community Multiscale Air quality) [21]
as well as emission preparation. CMAQ was then run for
air quality simulation. This modeling domain encompassed
a large area of East China, which consists of several industrial
centers, such as Beijing, Yangtze River Delta region, and the
PRD region. The modeling system was configured using 43
vertical layers in the 𝜎 coordinate system with its top fixed
at 100 hPa. The Blackadar PBL scheme, which is suitable
for high-resolution simulation, was applied. A mix phase
process was selected as the explicit moisture scheme. The
Grell cumulus parameterization was also selected, taking
into account shallow cumulus processes. A cloud-radiation
scheme was used to account for long- and short-wave radiative transfer. A 5-layer soil model was used as the land surface
model. The US National Weather Service National Centers
for Environmental Prediction (NCEP) 1∘ × 1∘ reanalysis data
(6-hourly) was used to provide lateral boundary conditions
and initial conditions for the MM5 operations. The duration
of simulation was from 5 July to 31 July, and the initial
meteorological conditions were restarted every three days in
the MM5 simulation exercises.
Detailed information about the emission inventory and
CMAQ configuration is the same as with our previous
studies [22]. The Meteorology-Chemistry Interface Processor
(MCIP) is a process interface that bridges MM5 and CMAQ.
One function of MCIP is to transfer the meteorological
output from MM5 model to the air quality model ready
format. MCIP module has considered a series of atmospheric
physic processes and dynamic algorithms and has capability
of estimating the boundary layer parameters, cloud diagnosis,
and dry deposition velocities of each chemical species.

4. Results and Discussions
4.1. Numerical Simulation Results. First, we compared the
moving track and low sea surface pressure center of typhoon
Haitang between MM5 simulation results and Best Track of
Typhoon located by WMO (ftp://eclipse.ncdc.noaa.gov/pub/
ibtracs/v03r06/wmo/csv/year) during the episode days (figures not shown). It was found that the MM5 simulation
results ideally reproduced the northwest-moving direction
of typhoon Haitang and its intensity evolution. In general,
the error of the moving track is smaller upon the ocean as
compared to the time period of July 17 to July 19, 2005, than
upon land on July 20, 2005, with the average absolute error
of typhoon locations between MM5 and Best Track being
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Figure 3: Observed vertical profiles of temperature, relative humidity, wind speed, and wind direction at 8:00 LST at KP station (solid lines
represent days of 17 to 20 July 2005, dashed lines represent the other nonepisode days in July, and the last three days of data for July 2005 are
omitted due to abnormal weather with heavy and squally showers.)

85 kilometers upon ocean, while enlarged to approximately
100 kilometers during the whole episode days. As to the sea
surface pressure of the typhoon center, the deviation of MM5
and Best Track was as high as 58 hPa at the beginning of
Jul. 17, 2005, the deviation became significantly reduced with
typhoon moving close to South China, and the average error
is 18 hPa during the whole episode days, which is definitely
acceptable simulation results.
The most crucial factor that controls the formation of
photochemical smog is meteorology, so it is important to

ensure the quality of the meteorological simulations. Since
the aim of this study was to focus on the dynamics of
typhoon Haitang, the performance evaluation of the MM5
model was done by comparing the observed hourly relative
humidity, air temperature at 2 m, wind speed, and wind direction against concurrent simulation results. Figure 5 shows
that the model reproduced the lower relative humidity and
higher air temperature during the ozone episode days as
compared to the nonepisode days. The Mean Absolute Error
(MAE) of relative humidity and air temperature between
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model and observation was approximately 6% and 1 degree
Celsius, respectively. The model tended to overestimate wind
speed at the HKO station, which was generally a common
phenomenon in modeling rough coastal regions; the MAE of
wind speed was as high as 4 m s−1 in this case as calculated.
The simulation results showed a relative increase of wind
speed during the ozone episode from 17 July to 20 July. As
to the wind direction, the similarity between the model and
observed wind direction was remarkable.
In Hong Kong, many stations monitor either air quality
or meteorology; however, none are designed to observe both
air quality and meteorology at the same site. Thus, air quality
evaluation is carried out at a downwind TM station.
Figure 5 also shows the time series for both the simulated
and observed O3 and NOx at the TM station. It is worth
noting that the model simulated O3 and NOx concentrations
reasonably tracked the occurrence of the episode between
17 July and 20 July. In general, the model overestimated
the mean ozone concentration but underestimated the peak
values during episode days. The persistent overestimated
ozone concentration on the nonepisode days is most likely
due to the initial conditions and boundary conditions of
chemical components, the default ozone initial and boundary
concentration were set to 35 ppb, and the horizontal distribution of the whole domain was uniform.
At the same time, the model slightly underestimated
both the mean and peak values of NOx concentrations. The
simulation of NOx is 20% to 50% lower than the observed
NOx , which could be partly attributed to the coarse resolution
of the 36 km grid size. Overall, the MAEs of O3 and NOx
between model and observation were 29 and 16 ppb during
this ozone episode and occurred between 17 July and 20 July.
The formation and dissipation of the ozone episode were
captured.
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Figure 5: The modeled and observed relative humidity (RH, unit:
%), air temperature at 2 meters (𝑇 at 2 m, unit: degrees Celsius), wind
direction (WDir, unit: degree), and wind speed (WSpd, unit: m s−1 )
at HKO station and the modeled and observed O3 and NOx at TM
station from top to bottom of the figure.

4.2. Synoptic Analysis. When Haitang was drawing close to
Taiwan, the ground level wind flow in the PRD region was
significantly influenced by its outer band circulation. The
modeled horizontal 10-meter wind flow patterns at 14:00 on
17 to 20 July are shown in Figure 6. The cyclonic typhoon
circulation largely dominated the wind flow in Hong Kong.
The induced 10-meter wind flow in Hong Kong was mainly
westerly with a moderate speed. Hong Kong is located on
the eastern side of the PRD region. This kind of flow pattern
with moderate wind speed was responsible for the horizontal
advection of a large amount of primary air pollutants (emitted
from the PRD region) to Hong Kong.
Figure 3 demonstrates significant differences between the
wind speed and wind direction at ground level and at
around 900 to 1000 meters. To further explore the possible
wind shear of horizontal wind in low level, Figure 7 shows
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Figure 6: Model simulated 10-meter wind vectors (small arrows) and wind speed (unit: m s−1 , denoted as color shading areas) at 14:00 LST
from (a) 17 to (d) 20 July 2005.

the temporal variation of the horizontal wind over the HKO
station. Figures 7(a)–7(d) show the continuous time from
09:00 July 17 to 02:00 July 21, 2005, covering the ozone
episode days from July 17 to July 20, 2005. One can find
that, in the upper level (above 1000 meters), the horizontal
wind direction changed gradually counterclockwise from
northerly wind to northwesterly. Between 18:00 and 03:00
during the midnight period of each daily episode, there was
distinct development of southwesterly wind in the lower level
under 1000 meters. The development of stronger wind shear
in the vertical direction at nighttime might be due to the
overlay of sea breeze effects at night.

To obtain more detail of the vertical wind shear, the
meridional cross sections of V and 𝑤 (vertical velocity)
component streamline over HKO station at 18:00 on each of
the four episode days are shown in Figure 8. The vertical wind
velocity is also shown by shading (vertical velocity multiplied
by 10). Figure 8 reveals the downward wind dominated most
of the upper levels over Hong Kong (with latitude between
22N and 22.5N). To some extent, this general pattern is
influenced by a few local features, such as different land
use type, different solar radiation level, and the differences
between the land and sea. The confluence of northerly and
southwesterly wind flow in Hong Kong from upper to lower

Advances in Meteorology

2500

2500

2000

2000
Height (m)

Height (m)

8

1500

1500

1000

1000

500

500

0

09
17 Jul
2005

0
12

15

18

→

21

5

00
18 Jul

03

09
18 Jul
2005

06

12

15

2000

2000
Height (m)

Height (m)

2500

1500

1500

1000

1000

500

500

06

09

12

00
19 Jul

(b)

2500

03
19 Jul
2005

21

5

(a)

0

18

→

→

5

15

18

21

00
20 Jul

(c)

0

03
20 Jul
2005

06

09

12

15

→

5

18

21

00
21 Jul

(d)

Figure 7: Temporal variation of modeled horizontal wind, the 𝑦-axis is height above ground, unit: meters. (a) shows the period from 09:00
Jul. 17 to 08:00 Jul. 18, 2005, (b) shows 09:00 Jul. 18 to 02:00 Jul. 19, 2005, (c) shows 03:00 Jul. 19 to 02:00 Jul. 20, 2005, and (d) shows 03:00 Jul.
20 to 02:00 Jul. 21, 2005.

level, combined with the downward draft in the south of
Hong Kong, dramatically stimulated the development of
a local vertical circulation. This local circulation occurred
mainly around 18:00, continued to exist for a few hours, and
then disappeared around midnight. This small scale circulation was associated with moderate wind speed. The primary
air pollutants transported from the PRD region to Hong Kong
at ground level by northwesterly wind were trapped by this
local vertical circulation leading to accumulation of primary
pollutants and formation of secondary pollutants.
According to the above analysis, the meteorological
conditions contributing to the regional high ozone episode

in Hong Kong under moderate wind speed are as follows:
(a) the regional northwesterly wind flow in the PRD region
was induced by typhoon Haitang, which favors the rapid
transport of primary air pollutants from the PRD to Hong
Kong area; (b) the horizontal confluence of wind flow
combined with the downward draft aloft over the south part
of Hong Kong and the development of the southwesterly
wind in the low level after 18:00 stimulated a vertical local
circulation at night, which trapped a large amount of air
pollutants, while the rest of the pollutants continued heading
south and dispersed into the sea; (c) on ground level, the hot
air brought by the northerly wind and subsidence, together
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Figure 8: Vertical cross section of V wind (unit: m s−1 ) and 𝑤 (vertical velocity, unit: 0.1 m s−1 ) component streamline. Shadowed areas denote
downward motion. The 𝑦-axis is height above ground, unit: meters. 22N to 22.5N is generally the location of Hong Kong. (a) At 18:00 July 17,
2005, (b) at 18:00 July 18, 2005, (c) at 18:00 July 19, 2005, and (d) at 18:00 July 20, 2005.

with the elevated temperature, favored the photochemical
reaction over Hong Kong. This mechanism will be further
discussed in the next section.
4.3. Process Analysis. Process analysis was carried out to
study the ozone budget during the episode. The diagnostic
tool integrated process rate analysis (IPRA) was used to
apportion the contribution of different physical and chemical
processes to the surface ozone concentration. This analysis
can quantitatively assess all individual physics and the net
effect of chemistry on the formation of O3 as well as other

chemical species. The processes analyzed include horizontal advection and diffusion (the sum is called horizontal
transport), vertical diffusion and transport (the sum is called
vertical transport), chemical reactions, emissions, dry and
wet deposition, and cloud process, which includes aqueous
chemistry, scavenging, and cloud vertical mixing. Figure 9
shows the five main processes dominating the formation of
ozone during the entire period of simulation at the ground
level.
Comparing ozone budget of the four episode days of 17
July to 20 July with other nonepisode days in July 2005, the
photochemical production was found to contribute greatest
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on nonepisode days. However, on the episode days, CO has
good positive correlation with O3 . This finding eliminates the
possibility of stratospheric intrusion because air mass that
has a stratospheric origin should be low in CO and high in
O3 . The good positive correlation indicates that air mass was
associated with fresh pollutants.
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Figure 9: Process analysis of ozone budget from July 15 to July 24,
2005, at the ground level (from bottom to top).

to the high ozone concentration among all the physical and
chemical processes, particularly at ground level. It is noticeable that the horizontal transport has very good negative
correlation with the vertical transport on nonepisode days
in July, whereas when the high ozone episode occurred, the
anticorrelation was much weaker, which also suggests the
contribution of ozone from the dynamic processes.
Linear regression was carried out to study the correlation
between horizontal transport and vertical transport on both
episode days and nonepisode days. The correlation coefficient
on episode days is 0.0107 with 𝑅 square 0.0002, whereas
the correlation coefficient on nonepisode days is −0.9057.
This contrast indicates that, on nonepisode days, vertical
transport usually cancels horizontal transport; thus, transport
processes contribute very little to the net increase of ozone.
Overall, the meteorological mechanism of this episode
was the coupling of wind transport with recirculating flow.
Near the surface, Hong Kong was located in the convergent
area of a synoptic flow with general subsidence motion.
Moderate northwesterly and westerly winds over the PRD
steered by the outer band flow of a typhoon converge coupled
with broad subsiding air developed a recirculating flow on
the southern part of the PRD region. Westerly wind lasted
4 days. Hong Kong is continuously downwind of the PRD
industrial and urban areas. Although wind speed was higher
than nonepisode days, the recirculating region trapped considerable primary air pollutants. Subsidence motion and the
westerly winds brought hot air mass and abundant sunlight
to Hong Kong. Under good sunlight, high temperature, and
low relative humidity, excessive ozone was produced and
accumulated; thus, the photochemical reactions were very
active during the episode.
4.4. Air Mass Origin. High surface ozone could be caused by
intrusion of stratospheric ozone [23] or long range transport
of high ozone-rich air mass [24]. Ratio of chemical species
can shed some light on origin of air mass. The scatter
plots of observed CO and O3 in TW and TC station are
shown in Figure 10, which clearly shows that CO concentration is poorly correlated with surface O3 concentration

Using an integrated modeling system, that is, Models3/CMAQ, the formation mechanism of a high ozone episode
that occurred in Hong Kong was examined. Simulation
results provide a deeper understanding of the dynamics
that contributed to photochemical smog. Haitang features
moderate wind speed and nonstagnant air conditions, which
was quite different from the light wind speed and stagnant
meteorology condition in previous episodes studied. The
dynamics can be summarized into three physical factors.
First, the circulation at the outer band of Haitang induced
north to west winds in South China. Westerly wind put Hong
Kong directly downwind of the PRD emissions. Second, near
the surface, a convergence of north wind and west wind,
combined with the down draft driven by typhoon Haitang,
created a wind shear stimulating vertical local circulation
near the top of boundary layer, about 1000 to 1200 meters
in this case. This recirculation trapped primary air pollutants
and also allowed secondary pollutants to accumulate. Third,
the conditions of high air temperature, low humidity, and
bright sunshine (associated with subsiding air) allowed active
photochemical reaction. All these factors combined to result
in the formation of this high ozone episode.
It is interesting to discuss the comparison between
typhoon Haitang and other typhoon related ozone episodes
in previous studies. When comparing the moving track of
typhoon Haitang and the severe tropical storm Melor
studied in Feng et al. [17] (whose tracks can be found
at http://www.weather.gov.hk/publica/tc/tc2005/english/
track0505.htm and http://www.weather.gov.hk/publica/tc/
tc2003/english/track0319.htm, resp.), Melor moved in a
clockwise direction, while Haitang moved counterclockwise.
Since Melor was farther, the peripheral downward flow and
inversion layer were induced by subsidence warming, with
local light wind as the dominant mechanism. Haitang was
closer in distance; thus, the horizontal versus downward
flow was equally important, and the convergence of flow
from different directions resulted in a different formation
mechanism of the ozone episode. These results need further
study and statistical analysis.
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The evaporation from irrigation canals was estimated by the aerodynamic method based on the double-deck surface air layer model
(called “DSAL model” for short hereafter). The DSAL model describes the surface air layer over a canal as a composite air layer
with two sublayers, the lower sublayer and the upper sublayer. The lower sublayer is a few tens of centimeters thick and formed by
the flowing water, in which there is no advection; the upper sublayer is over the lower sublayer and formed by the surface wind. The
results were compared to those obtained by the heat balance method; field experiments were conducted in the middle reaches of
the Heihe River in northwestern China. Results showed that cumulative evaporation instances estimated by the DSAL model were
equal in order of magnitude to those by the heat balance method on observed days during the daytime (0700∼1900 BST). We infer
from these experimental results that the evaporation loss in transport in this region is of the order of one percent at most.

1. Introduction
Irrigation water is vital to agricultural production in arid
land, and it is, in general, transported through canals over a
long distance. In China, irrigation canals are classified into
five groups which are main canal, branch canal, lateral canal,
field canal, and field ditch. In the middle reaches of the Heihe
River in northwestern China (Figure 1), the main and branch
canals extend for 4,500 km and 82% of the two higher classes
have been paved with concrete. The total length of the two
middle classes is 22,700 km, 64% of which have been paved.
If irrigation canals are unpaved, we can readily conceive that a
considerable amount of irrigation water is lost due to seepage
into the ground before it reaches irrigation fields [1]. The
evaporation from water surfaces is another cause of water
losses from irrigation canals and it is also considerable in
arid regions [2]. However, few attempts have been made to
evaluate evaporation loss from a small plot, such as water
surface of canals: one reason is the advection caused by

running water in the canal and the other reason is the actual
operation that is unsuitable and difficulty of applying the
evaporation pan or lysimeter technique to the running water.
Methods usually used for estimating open water evaporation are as follows [3]: (1) evaporation pan method, (2) mass
balance method or water balance method, (3) energy balance
method or heat balance method, (4) aerodynamic method,
and (5) combination method. However, only three methods,
namely, “evaporation pan method,” “heat balance method,”
and “aerodynamic method,” have been applied to estimate
evaporation from channels or canals.
In the late 1940s and early 1950s, the paddy rice of the
north or highland regions in Japan suffered damage caused
by cold weather. Therefore, many water-warming ponds and
canals were constructed. Higashi and Hanyu [4] carried out
a field experiment at a water-warming canal in Hokkaido,
Japan, and analyzed the heat balance on the flowing water in
the canal, where they regarded half the pan evaporation at a
neighboring observatory as the evaporation from the canal
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Figure 1: The basin of the Heihe River and the study area in the middle reaches of the river near Zhangye City.

without rational grounds. In conducting a field investigation
of water losses for three types of channels based on water
balance method, Moghazi and Isumail [2] regarded the
evaporation rate measured with a Class A pan as a rough
estimate of evaporation losses from the channels.
Mihara et al. [5, 6] conducted studies based on heat
balance method at water-warming ponds and canals in
northern Japan. They determined the rate of heat transfer
between the running water and the surface air layer, and, as
a result, they derived a Dalton-type formula for the latent
heat released or absorbed by the running water surface,
which is expressed as a product of the difference in vapor
pressure between the water surface and the surface air layer.
Jobson [7] also derived a Dalton-type formula of evaporation
rate from analyzing the heat balance on the flowing water

in the San Diego Aqueduct, California. He showed that
the evaporation from the channels was a little larger than
that from nearby Class A pans on an annual basis. Fulford
and Sturm [8] made a comparative experiment according
to the heat balance method on an artificially heated water
channel and a naturally exposed one in Tennessee, USA. As
a result, they concluded that the evaporation from flowing
channels, in which the effects of wind fetch can be accurately
determined, is needed and the stability-dependent formula,
which was devised to include the effect of natural convection
by Ryan and Harleman [9], may be more appropriate than the
Dalton-type formula for channels.
Kawahara [10] made observations of the balance of heat
on the flowing water in a canal within a salt farm in the
Seto Inland Sea coastal area, Japan. He used the aerodynamic
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method to describe the rate of evaporation from the canal
by assuming that statically neutral conditions prevail in the
surface air layer and the water surface is wide enough to apply
an eddy transport theory devised by him.
The Dalton-type formulation shows that the evaporation
rate under a gentle breeze is greater for canals than for ponds
or lakes [7]. This seems to suggest that the evaporation rate
increases with the flow speed of water, even if the surface wind
speed remains constant.
Kobayashi et al. [11] intended to estimate the evaporation
from irrigation canals in the middle reaches of the Heihe
River in northwestern China and since the flow speed of water
is, in general, larger than 3 m/s and also is often larger than
the surface wind speed supposed that the evaporation rate
depends not only on the surface wind speed but also on the
water flow speed and constructed a model called the doubledeck surface air layer (DSAL) model, which is outlined in the
next section.
This paper describes field experiments carried out in a
high-altitude, arid region in the middle reaches of Heihe
River in northwestern China. The objectives of this study are
to test the DSAL model against experimental data, to estimate
the evaporation from irrigation canals in this region, and to
contribute to irrigation technique for good agricultural water
productivity [12, 13].
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𝐸SAL = 𝐵𝑈𝑎 (𝑒𝑎𝛿 − 𝑒𝑎 ) ,

(1)

where 𝐴 and 𝐵 are the bulk coefficients for the SAL-W and
SAL, respectively. If isothermal conditions and logarithmic
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Figure 2: Schematic diagram of the double-deck surface air layer
(DSAL) formed over the running water. See text for symbols.

vertical profiles of wind speed and humidity prevail in the two
sublayers and the vapor flux is also supposed to be invariable
with height, we get
𝐴=

In this section the double-deck surface air layer (DSAL)
model is outlined [11] and some supplementary considerations are given. Figure 2 shows the schematic diagram of
the DSAL formed over the flowing water. This composite
surface air layer consists of two sublayers. The lower sublayer
is dragged by the flowing water and the flow-wise momentum
is transported upward through it (SAL-W), the thickness
of which is 𝛿. The upper sublayer is the surface air layer
formed over the ground surrounding the stream (SAL) by the
surface wind and the wind-wise momentum is transported
downward through it. In Figure 2, U𝑤 is the flow velocity
of water and U𝑎 is the surface wind velocity, 𝑇𝑎 is the air
temperature, and 𝑒𝑎 is the water vapor pressure at height 𝑧𝑎
in the SAL, respectively. The boldface symbols mean that they
are vectors and their directions are in general different from
each other. The subscripts 𝛿 and 𝑤 refer to the values at the
top and bottom of the SAL-W, respectively. Thus, U𝑎𝛿 is the
air velocity at the top of the SAL-W, and the average windwise and flow-wise components of the velocity are assumed
to be approximately zero when necessary.
Upward water vapor fluxes through the two sublayers,
𝐸SAL-W and 𝐸SAL , can be expressed approximately as the bulk
equations:

ΔE

𝛿

2. Double-Deck Surface Air Layer
(DSAL) Model

𝐸SAL-W = 𝐴𝑈𝑤 (𝑒𝑤 − 𝑒𝑎𝛿 ) ,

Ua

SAL

𝐵=

18𝑘2
𝑅𝑇 {ln (𝛿/𝑧𝑤0 )}
18𝑘2
2

𝑅𝑇 {ln (𝑧𝑎 /𝛿)}

2

,
(2)

,

where 𝑧𝑤0 is the roughness length of a running water surface,
𝑅 is the gas constant, 𝑇 is the absolute temperature, and 𝑘 is
the von Kármán constant (=0.4) [14]. The roughness length
in the SAL is supposed to be 𝛿. The condition of continuity
for the vapor flux at the boundary between the two sublayers
gives the following relation:
𝐸 = 𝐴𝑈𝑤 (𝑒𝑤 − 𝑒𝑎𝛿 ) = 𝐵𝑈𝑎 (𝑒𝑎𝛿 − 𝑒𝑎 ) ,

(3)

where 𝐸 is the rate of evaporation. From (3) the water vapor
pressure at height 𝛿 is
𝑒𝑎𝛿 =

(𝑒𝑤 + (𝐵𝑈𝑎 /𝐴𝑈𝑤 ) 𝑒𝑎 )
.
(1 + 𝐵𝑈𝑎 /𝐴𝑈𝑤 )

(4)

Thus, 𝐸 can be expressed as
𝐸=

𝐴
𝑈 (𝑒 − 𝑒 ) .
1 + 𝐴𝑈𝑤 /𝐵𝑈𝑎 𝑤 𝑤 𝑎

(5)

As a result, we can estimate the rate of evaporation from
running water surfaces using (5), which is a function of the
wind speed, 𝑈𝑎 , and the water flow speed, 𝑈𝑤 .
In two special cases in which the surface wind blows in the
same direction as the stream, when the relative wind speed is
|𝑈𝑎 − 𝑈𝑤 |, while, in the opposite direction, when the relative
wind speed is |𝑈𝑎 + 𝑈𝑤 |, the double-deck surface air layer

4
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where 𝐴 𝑠 is the bulk coefficient for these special cases.
In these cases, the air always flows over a running water
surface, and hence the wind fetch is unlimited and there is no
advection. In other usual cases, however, we are faced with
the advection phenomenon.
We can suppose that there is no advection in the SALW as in the special cases described above. In the SAL,
however, we cannot avoid some advection effects. When the
advection occurs in the SAL, the condition of continuity at
the boundary between the two sublayers is written as


) = 𝐵 𝑈𝑎 (𝑒𝑎𝛿
− 𝑒𝑎 ) ,
𝐸 = 𝐴𝑈𝑤 (𝑒𝑤 − 𝑒𝑎𝛿

(5 )

where primed symbols represent quantities under conditions
of advection. The bulk coefficient 𝐵 is equal to 𝐵 plus an
increment due to the advection, and hence 𝐵 > 𝐵, and,
as a result, 𝐸 > 𝐸 as is evident from (5). Kobayashi et al.
[15] showed that if the advection was disregarded, the rate of
evaporation 𝐸 calculated from (5) underestimated the actual
evaporation rate 𝐸0 = 𝐸 , on average, by 10–20%.

3. Field Experiments
3.1. Study Area. The study area is located in the irrigation
area in the middle reaches of Heihe River in northwestern
China (Figure 1). The land cover in the study area consists
of cropland cultivated with maize and vegetables, apple
orchards, windbreak forests, and built-up areas.
The observation points were deployed in the Yingke
irrigation district in the suburbs of Zhangye City (Figures 1(b)
and 1(c)). The study area is the typical district in the Zhangye
oasis (1400–1600 m a.s.l.), which is a core part of the middle
reaches of Heihe River. The annual mean temperature is 7.0∘ C,
the annual mean precipitation is 124.9 mm, and the potential
evaporation is more than 2000 mm.
The alternation irrigation system is adopted in this
district. One round of irrigation (preplant irrigation) is taken
in spring, three rounds are taken in summer, and two rounds
including postharvesting irrigation are taken in autumn,
respectively. The irrigation schedule is made by the local
government. The present observation was conducted at a
main canal (IOp), named intensive observation, and lateral
canals (COp1), named continuous observation (Figure 1).
The observation point COp1 was located in a built-up area
without shelterbelts. The observation point IOp was situated
in cropland about 1.5 km southwest of COp1.
The canals at which observations were made were constructed using precast concrete walls with designed thickness
10 cm. The canal has a round-bottomed triangle cross section,
and the gap between the concrete walls and the ground is
stuffed with porous material such as gravels and dry sands.
Therefore the insulation against heat of the walls is very good,
and hence the heat flux through the walls was neglected in this
analysis [7].

600
500
Height (cm)

does not develop and the usual single-story boundary layer is
formed. Therefore, the rate of evaporation can be expressed
as


𝐸 = 𝐴 𝑠 𝑈𝑎 ∓ 𝑈𝑤  (𝑒𝑤 − 𝑒𝑎 ) ,
(6)
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Figure 3: Cross section of the main canal and observation instruments installed at IOp.

3.2. Intensive Observation. In order to test the DSAL model,
an intensive observation was conducted at the point IOp
during the two-day period, July 16 and 17, 2013. The schematic
diagram of the observation system is shown in Figure 3. The
top width of the canal was 6.6 m, the side slope was 1 : 1.3,
and the water flowed toward the ESE. The air current speed
was measured at a height of 0.12 m above the flowing water
surface at the center of the canal with a hot-wire anemometer.
Air temperature and humidity were measured at about 0.15 m
above the water surface with a HUMICAP sensor. The flowing
speed of water was measured by the float method, and the
water temperature was measured by fetching water with
bucket and reading with mercury thermometers. On the right
bank of the canal, the surface wind speed and direction were
observed using an aerovane-type anemometer and the air
temperature and humidity were observed with a HUMICAP
sensor at a height of 2 m above the ground, or about 5 m
above the flowing water surface. The air movement just above
the flowing water surface was visualized by a wisp of smoke
produced by burning an incense stick and the height 𝛿 was
measured with a vertical hanging ruler over water surface of
the canal.
3.3. Continuous Observation. At one of the observation
points (COp1), the rates of evaporation from irrigation canals
were estimated by the heat balance method [16] and by the
aerodynamic method based on the DSAL model. The top
width was 1.8 m and the side slope was 1 : 1. The cross section
was measured in the field and described before irrigation.
Continuous observation was conducted at the observation
point during the summer months of 2013, from June 8 to July
8, because irrigation was practiced in rotation in the irrigation
district, and the canal would have water every about 20 days,
and every rotation would last 3∼5 days, so the continuous
observation had 7 whole days’ observation data, and they
are June 9∼10, June 30, and July 1∼4, respectively. In this
paper, the results obtained on the 7 days at point COp1 are
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shown and discussed. A straight canal section 148 m long
was selected as the observation site, which was a newly built
concrete-lined canal, and thus we can neglect leakage losses
from the heat balance point of view. The canal runs straight
and the water flows uniformly and steadily.
The automatic weather station (AWS) was set on the
right bank of the canal near the midpoint of the section of
canal under observation. Data obtained in the continuous
observation were through three means, namely, automatic
weather station (AWS), automatic logging water level meter,
and manual measurement, respectively. The AWS was set up
on the side and in the middle of the selected 148 m canal,
and it contained two temperature probes, two hygrometers,
the anemograph, and the net radiation sensor (CNR4). In
the AWS system, one temperature probe, one hygrometer,
and the anemograph were installed about 2 m above the
ground, and the other temperature probe and hygrometer
were equipped above the water surface. The net radiation
sensor was set up very close to the water surface in order to
get true net radiation. Automatic logging water level meters
were divided into two groups, one group for the upstream
the other for the downstream end. They were installed on the
bottom of the canal before the canal had water. From manual
measurement, we can obtain water temperature, water flow
speed, and also water level; manual measurement was going
on in the upstream and downstream end at the same time. The
variables measured and instruments used in this observation
are listed in Table 1.
Net radiation (𝑅𝑁) was calculated from the equation
𝑅𝑁 = (1 − 𝛼)𝑅𝑠↓ + 𝜀(𝑅𝐿↓ − 𝜎𝑇𝑤 4 ), using the measurements of
short-wave (𝑅𝑠↓ ) and long-wave (𝑅𝐿↓ ) downward radiation, at
the same time, considering the diurnal change of the albedo
(𝛼) determined by field experiment, water temperature (𝑇𝑤 ),
and the emissivity (𝜀) of 0.99. Water temperature, water level,
and water flow speeds at two points specified in the upstream
and downstream ends of canal were manually measured every
hour or half an hour.
For safety’s sake we set the instruments up in the early
morning at the site and dismantled them in the evening. Thus,
the observation time was only in the daytime from 0700 to
1900 BST.

4. Results and Discussion
4.1. Intensive Observation. We analyzed the results of the
intensive observation and published them in a local journal of
Japan [11, 15, 17]. Therefore, only main results are reproduced
here. Figure 4 shows the relationship between the thickness of
SAL-W, 𝛿, and the air current speed measured at 0.12 m above
the flowing water surface, 𝑈𝑎(0.12) . The thickness was defined
as the height at which the current-wise (from WNW to ESE)
component of the air current produced by the flowing water
disappeared. The flow speed of water in the canal, 𝑈𝑤 , was
3.3 m s−1 on July 16, while the average surface wind speed for
the observation period was about 0.6 m s−1 and its direction
was SSE. On July 17, however, the average surface wind speed
was about 2.4 m s−1 and its direction was NNE, although the
flow speed of water was almost the same as the day before.

5
Table 1: General descriptions of the instruments installed at station
COp1.
Variables

Instruments

Air temperature &
humidity

HMP45AC
(VAISALA)
010C-1
(MET ONE)
CNR4
Glass
thermometer
& Flowatch
(NTECH)
HOBO

Wind speed
Radiation
Water temperature
& flow speed
Water level

Interval
(min)

Height above
water surface
(m)

5

2 and 0.45

5

2.45

5

0.2

30 or 60

See text

5

—

The values of 𝑈𝑎(0.15) were larger on the first day under
calm weather conditions than those on the second day
under windy conditions, which suggests that the currentwise momentum transported from the running water surface upward was damped quickly with height under larger
downward transportation of wind-wise momentum. On each
observation day, however, 𝛿 changed conversely with 𝑈𝑎(0.12) ,
which implies that the SAL-W was in pulsatile motion, and
the air current speed increased with decreasing thickness, and
vice versa. Since the water temperature (15.2∘ C) was lower
than the air temperature by about 10∘ C, it seems that wavy
motions developed in the thermally stratified air flow just
above the surface of flowing water. The frequency is estimated
to have been lower than 0.25 h−1 . These results suggest that
the SAL-W with air temperatures lower than those in the SAL
are formed in a dynamic manner, namely, internal wave near
the flowing water surface in irrigation canals.
We can measure 𝛿 in the field by visual inspection as
described above, but we can also substantiate the existence
of such a specified height by comparing the vapor pressure at
height 𝛿 calculated from (4) based on this model, 𝑒𝑎𝛿 , and the
vapor pressure observed in the proximity of height 𝛿 in the
field, 𝑒𝑎 . Since the vertical change in vapor pressure near the
boundary between the two sublayers is expected to be small,
the measurement made at 0.15 m above the water surface,
𝑒𝑎(0.15) , should be almost the same as the value of 𝑒𝑎𝛿 because
𝛿 ranged between 0.1 m and 0.4 m during the observation
period (Figure 4) [17].
The bulk coefficients 𝐴 and 𝐵 were calculated from (2)
by substituting 10−5 m for 𝑧𝑤0 , with 𝑧𝑎 = 5 m and 𝛿 =
0.2 m. Figure 5 shows the relationship between 𝑒𝑎𝛿 and 𝑒𝑎(0.15) .
We can see that 𝑒𝑎(0.15) was, on average, smaller than 𝑒𝑎𝛿 ,
the reason for which seems to be the advection [15]. The
high correlation between 𝑒𝑎𝛿 and 𝑒𝑎(0.15) is circumstantial
evidence that the DSAL model is reliable, although the effect
of advection of the order of 10∼20% on the vapor pressure can
be recognized [15].
4.2. Continuous Observation. The results of the continuous
observation were analyzed using the two methods, the
aerodynamic method based on the DSAL model and the
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heat balance method. Since the heat balance method was
discussed in a companion paper [16] and it seems familiar
to everyone, the details of the method were omitted here for
the sake of brevity. In order to analyze the heat balance on
the water flowing in the section 148 m long, the discharge and
water temperature have to be measured at the upstream and
downstream ends. The discharge was calculated by equation
𝑄 = 𝑐V𝑡, where 𝑐 is area of the water cross section, V is the
water speed, and 𝑡 is the passing time of water flow through
the 148 m canal. The water temperature was measured at the

upstream and downstream ends by mercury thermometer at
the same time. Furthermore, the net radiation at the water
surface is another important element of heat balance on
the flowing water and the calculation method was the same
as in intensive observation. By way of example the diurnal
variations of such elements on July 2, 2013, are shown below.
The diurnal variation of the discharge at the upstream
and downstream ends is shown in Figure 6. The discharge
difference equals discharge in the downstream minus that in
the upstream end. We can see that the discharge changed with
time but the amounts at both the ends were approximately
equal to each other, and the possible errors were of the
order of one percent; hence, the leakage can be neglected.
Evaporation losses, of course, cannot be neglected as regards
the energy balance, because the ratio of evaporation losses
to the discharge in units of energy is larger than 1000 times
the ratio in units of volume, for the ratio can be expressed as
𝐿/𝑐𝜌Δ𝑇 (𝐿: heat of vaporization, 𝑐𝜌: heat capacity of water,
and Δ𝑇: difference in water temperature between both ends).
We used the average of the two discharges measured at both
ends.
The diurnal variation of the water temperature at both
ends of the canal is shown in Figure 7. The temperature difference equals water temperature measured at the downstream
minus that measured at the upstream end. The water temperature was measured with one glass thermometer graduated
in every 0.005∘ C. The figure shows an interesting and wellmarked feature that during a period when water temperature
rises and reaches its daily maximum around 1400 BST, the
water temperature at the upstream end was lower than that
at the downstream end, while the reverse was true during a
period when the water temperature falls. On the other days,
except for rainy days, during the observation period, the
difference in water temperature between the upstream and
downstream ends showed the similar diurnal variation.
Although the net radiation changed irregularly or fluctuated sharply due to weather conditions, there appears to
have been a tendency for net radiation to be large when the
water temperature rose in the morning and to be small when
it fell in the afternoon (Figure 8). These results suggest that, in

Figure 8: Diurnal variation of the net radiation in the daytime (July
2, 2013).

general, the water temperature rose by absorbing radiation in
the morning and the energy flowed in the canal and decreased
due to releasing energy to the surroundings and the energy
flowed out from the canal; evaporation occurred during the
whole process. The water temperature rise or decrease just
resulted from the net energy that flowed in or out of the canal.
The diurnal variation of the evaporation rate obtained
by the heat balance method on July 2 is shown in Figure 9,
along with those of other three days (June 9, June 30, and
July 4) exhibiting a similar diurnal variation pattern. The
evaporation rate fluctuated sharply in the afternoon when the
net radiation was small and evaporation rate was relatively
large. These fluctuations seem to be mainly due to the errors
in measuring the difference in water temperature between
the upstream and downstream ends. For example, if the
measurement error of the temperature difference is 0.005∘ C,
it corresponds to the measurement error of the radiation
of 100 W m−2 (𝑄 ∼ 1 m3 s−1 , 𝐿𝑊 ∼ 200 m2 ) at the water
surface. Thus in the afternoon when the net radiation was
of the order of 100 W m−2 the measurement error of the
water temperature seems to have caused larger errors in the
estimation of evaporation rate than in the morning. These
results suggest that the heat balance method is not suitable
for estimating the diurnal change of the evaporation rate from
canals of this size and discharge, and attention must be given
to the cumulative evaporation instances for a period of time
longer than a few days.
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Figure 7: Diurnal variations of the water temperature at the
upstream and downstream ends (July 2, 2013).
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Time of day (July 2, 2013)

Figure 10: Diurnal variation of the evaporation rate obtained by the
aerodynamic method based on the DSAL model (July 2, 2013).

4.3. Comparison of the Two Methods. The diurnal variation of
the evaporation rate estimated by the aerodynamic method
based on the DSAL model on July 2 was shown in Figure 10.
The bulk coefficients were obtained from (2) by inserting
the numerical values, with 𝑧𝑎 = 2 m, 𝛿 = 0.1 m, and 𝑧𝑤0 =
10−5 m. The rate of evaporation was calculated from (5),
when a representative water flow speed of 2.8 m s−1 was
used. As shown in Figure 9, evaporation rate on July 2 was
also calculated by the heat balance method; however, it
seemed that results got by two methods were very different
from each other. Actually, they were having the same order.
This is because the derived values of evaporation rate by
the heat balance method have the magnitude with order
of 10−3 mm s−1 except some time, such as 12:00, 14:00, and
16:00, as shown in Figure 9, while those estimated by the
DSAL method ranged from 10 × 10−5 mm s−1 (0.0001) to 30
× 10−5 mm s−1 (0.0003) during the core period of daytime in
Figure 10. As a result, except for the limited periods, values
calculated from both methods had the same order on July 2,
2013. Similar tendencies were confirmed in the derived values
by the two methods on other days according to our analysis.
As can be seen in Figure 7, water temperature was very
low, and hence the rate of evaporation was almost zero
or negative in the morning and evening. These qualitative
characteristics were consistent with those results obtained

8

4.4. Evaporation Loss of Irrigation Water in Transport. The
evaporation loss of irrigation water in transport from the
intake to the fields through a canal with length 𝐿 is expressed
as
𝑊𝐿
,
𝑅=𝐸
(7)
𝑄
where 𝐸 is the rate of evaporation, 𝑊 the width of water surface in the canal, and 𝑄 the discharge. Since the rate of evaporation changes with time of day, 𝑅 changes depending on
the transportation spell. If we assume that 𝐸 = 10−4 mm s−1 =
10−7 m s−1 , 𝑈 = 2.8 m s−1 , and 𝑄 = 1 m3 s−1 , then we get 𝑅 =
10−7 𝑊𝐿. This result suggests that when 𝐿 is 104 m and 𝑊 is
1 m, 𝑅 is 0.1%, but since the transportation spell is about 60
minutes, 𝑅 can be larger or smaller than this value depending
on the time of day and can be even negative at night. Jazira
[18] estimated the evaporation loss in the middle reaches
of Heihe River to be about 8%. If 𝑊𝐿/𝑄 averaged over the
irrigation district can be of the order of 105 m−1 s, 𝑅 is of the
order of one percent. The evaporation loss calculated by Jazira
covered all five levels of canals in the middle reaches of Heihe
River, and some types of canal would have low evaporation,
such as lateral canal and field canal for deep and narrow water,
while some types of canal would have high evaporation for
the wide and shallow water, such as main canal, branch canal,
and field ditches. In the study, the lateral canal was used for
estimating evaporation, so it was reasonable that our results
were lower than their results.

25

Daytime evaporation (DSAL) (mm)

by the heat balance method, although the numerical values
of the estimates seem different from each other (Figures 9
and 10). The major cause of this difference seems to be the
insufficient accuracies of water temperature measurements as
is discussed above. Measuring errors of water temperature
were unavoidable problems when utilizing the heat balance
method to estimate the evaporation from the moving water;
hence, the sharp increases or spikelet drops suddenly occurring during the daytime in Figure 9 were also unavoidable, so
the result obtained by the heat balance method was unstable
in practice. From Figure 10, it is indicated that the values
from the DASL method are stable; there is no spikelet changes
even on such short time interval of 10 minutes. This is one of
the important advantages of the DSAL compared to the heat
balance method.
The cumulative evaporation instance for a time period
0700 to 1900 BST is called the “daytime evaporation” hereafter. The scatter plot of daytime evaporation instances
obtained by the heat balance method and the aerodynamic
method based on the DSAL model is shown in Figure 11.
Here the data obtained on June 11 are not shown because the
daytime evaporation estimated by the heat balance method
was negative due to unusually large measurement errors,
maybe human errors, of the water temperature. Although the
effect of accuracies of water temperature measurements is not
sufficiently small, it seems reasonable to conclude that the
rate of evaporation estimated by the aerodynamic method
based on the DSAL model is equal in order of magnitude to
or somewhat smaller, due to advection [15], than that by the
heat balance method.
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Figure 11: Comparison of the daytime evaporation instances
obtained by the heat balance (HB) method and those obtained by
the aerodynamic method based on the DSAL model (DSAL) (2013).

5. Concluding Remarks
The double-deck surface air layer (DSAL) model which
describes the composite surface air layer formed over irrigation canals was proposed by Kobayashi et al. [11], and one
of the purposes of this study is to test the model against the
field observation. As a result, it was verified that the DSAL
model is reliable and the aerodynamic method based on the
DSAL model is effective in estimating the evaporation from
irrigation canals.
The most popular method that has been used in estimating the evaporation from canals or channels is the heat
balance method. In case of irrigation canals, however, the
flow speed of water is rather high and the width of the
water surface is relatively narrow. Thus the accuracy of
measuring water temperature exerts a crucial influence on
the precision of determining the heat balance terms. Hence
the heat balance method was only applicable for estimating
the cumulative evaporation for a time period longer than a
few days. A comparison of the daytime evaporation instances
estimated by the aerodynamic method based on the DSAL
model and those by the heat balance method led to the
conclusion that both the methods yield the results that are
equal in order of magnitude to each other.
The evaporation loss of irrigation water in transport
varies directly with the rate of evaporation (𝐸), the width
of water surface in the canal (𝑊), and the distance from
the intake to the fields (𝐿) and varies inversely with the
discharge (𝑄). The rate of evaporation changes with time of
day and is almost zero or negative in the nighttime, and so
the evaporation loss can be reduced by making a rational
irrigation schedule. We evaluated from these experiments
that the evaporation loss in transport in this region is of the
order of one percent at most.
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