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ABSTRACT

Few studies have specifically focused on the validation and spatiotemporal distribution of planetary boundary layer
height (PBLH) and relative humidity (RH) data in China. In this analysis, continuous PBLH and surface-level RH data
simulated from GEOS-5 between 2004 and 2012, were validated against ground-based observations. Overall, the simulated
RH was consistent with the statistical data from meteorological stations, with a correlation coefficient of 0.78 and a slope
of 0.9. However, the simulated PBLH was underestimated compared to LIDAR data by a factor of approximately two,
which was primarily because of poor simulation in late summer and early autumn. We further examined the spatiotemporal
distribution characteristics of two factors in four regions—North China, South China, Northwest China, and the Tibetan
Plateau. The results showed that the annual PBLH trends in all regions were fairly moderate but sensitive to solar radiation
and precipitation, which explains why the PBLH values were ranked in order from largest to smallest as follows: Tibetan
Plateau, Northwest China, North China, and South China. Strong seasonal variation of the PBLH exhibited high values
in summer and low values in winter, which was also consistent with the turbulent vertical exchange. Not surprisingly, the
highest RH in South China and the lowest RH in desert areas of Northwest China (less than 30%). Seasonally, South China
exhibited little variation, whereas Northwest China exhibited its highest humidity in winter and lowest humidity in spring,
the maximum values in the other regions were obtained from July to September.
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1. Introduction
With the acceleration of urbanization in China, frequent

haze events caused by high concentrations of fine particulate
matter (PM2.5) have received worldwide attention (Li et al.,
2013, 2016). Research on the mechanism of haze formation
and its effects on the climate and public health require long-
term air pollution data. A national monitoring network for
PM2.5 and its precursor pollutants (e.g., NO2 and SO2) was
not established in China until 2013. Satellite remote sensing
can fill spatiotemporal gaps in ground-based observations. To
date, numerous studies have been conducted to estimate the
surface levels of PM2.5 using satellite-retrieved aerosol opti-
cal depth (AOD) data (Wang and Christopher, 2003; Gupta
et al., 2006; Koelemeijer et al., 2006). However, build-
ing an accurate AOD–PM2.5 model remains a considerable
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challenge because the correlation between these two param-
eters is nonlinear. Because AOD reflects the aerosol optical
properties of the entire air column, whereas PM2.5 is usu-
ally measured at the surface level and under dry conditions,
the AOD–PM2.5 relationship depends heavily on the vertical
aerosol profile and aerosol hygroscopic growth (Gupta et al.,
2006; Guo et al., 2009). Currently, almost all quantitative
AOD–PM2.5 models include planetary boundary layer height
(PBLH) and relative humidity (RH) data to reduce model un-
certainty (Doukas et al., 2010; Wang et al., 2010). Therefore,
the precision of the predicted PM2.5 is strongly influenced by
the quality of the included PBLH and RH data.

It is imperative to study the trends in PBLH and RH be-
cause rapid variations may contribute to extreme haze events
(Zhou et al., 2005; Stott, 2016; Sun et al., 2016). The PBLH
is important to consider in research on pollutant transport,
the microphysics of clouds (Seibert et al., 2000; Medeiros
et al., 2005), and weather and climate prediction (Hu et al.,
2010). RH is closely related to the surface water and energy
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balance (Jones et al., 2010). Many recent studies have in-
vestigated the properties of the PBLH and RH using ground-
based measurements. For example, Luo et al. (2014) devel-
oped different LIDAR-based methods based on systematic
variations in planetary boundary layer structures over differ-
ent surfaces and analyzed the diurnal and seasonal cycles of
the PBLH over the land and ocean. Zhang et al. (2014) ex-
amined the PBLH over Yichang, China, from August 2006
to January 2007 using eight-times-daily sampling data from
intensive radiosonde observations, and they found that the
PBLH in both the summer and winter months exhibited diur-
nal changes, and that the daily cycle was deeper in the sum-
mer. For RH, Moradi et al. (2016) provided both qualitative
and quantitative methods to illustrate the diurnal and spatial
variations in tropospheric RH in tropical regions using Son-
deur Atmosphérique du Profil d’Humidité Intertropicale par
Radiométrie measurements. Vergados et al. (2015) explored
the spatial variability in tropical tropospheric RH throughout
the vertical extent of the troposphere and compared the spa-
tial discrepancies in RH among the COSMIC, ERA-Interim
and MERRA datasets. By simultaneously using LIDAR-
retrieved PBLH, RH, and other meteorological parameters,
Liu et al. (2013) investigated the formation and evolution
mechanism of regional haze in the megacity of Beijing dur-
ing 20–27 September 2011. Previous studies have primarily
been conducted in high polluted areas or over a short period,
because ground-based measurements usually cannot reflect
the spatial variability in aerosols and meteorological param-
eters. To date, only a few studies have specifically focused
on the PBLH and RH on a national scale and identified the
associated spatiotemporal patterns in detail. For example, us-
ing fine-resolution, ground-based sounding data from across
China, a comprehensive investigation of the PBL in China
from January 2011 to July 2015 was conducted by Guo et
al. (2016). This investigation revealed the climatology of the
PBLH and its associations with atmospheric variables. Addi-
tionally, Zhang et al. (2016) used the radiosonde network in
China to investigate CALIOP-derived PBLH on a large scale,
and Liu et al. (2015) used CALIOP-derived PBLH data to
evaluate the ECMWF’s PBLH retrievals. These studies shed
light on the data quality of the initial CALIOP-derived PBLH
results; thus, they enhance our understanding of variations in
the PBLH and how the PBLH mediates the exchange of en-
ergy and pollutants between the surface and atmosphere.

In addition to ground-based observations, numerical sim-
ulations have been widely used to derive the vertical aerosol
structure and related meteorological parameters and support
research on environmental and climate change. For ex-
ample, the chemistry–aerosol–cloud–radiation–climate feed-
backs were analyzed over the continental United States by
determining the changes in the PBLH, temperature, and wind
speed as simulated by the Weather Research Forecasting
model (Zhang et al., 2010). The Pacific–North America tele-
connection phase was found to influence sulfate concentra-
tions, mainly through changes in the PBLH, precipitation,
and temperature, based on results from the GEOS chemical
transport model (Feng et al., 2016). Model-simulated PBLH

and RH values can also fill gaps in surface observation–based
estimates of PM2.5 concentrations. For example, by incorpo-
rating the PBLH and RH simulated by the Regional Atmo-
spheric Modeling System, the PM2.5 concentrations over the
North China Plain were estimated from MODIS AOD data
(Tao et al., 2013).

GEOS-5 is a system of models integrated using the
Earth System Modeling Framework. It was developed in
NASA’s Global Modeling Assimilation Office to support
their earth science research in data analysis, observing system
modeling and design, climate and weather prediction, and
basic research (http://geos5.org/wiki/index.php?title=GEOS-
5 Earth System Modeling and Data Assimilation). GEOS-
5 has been widely deployed all over the world to support
the associated chemistry and transport modules (e.g., GEOS-
Chem), but its applicability in China has rarely been exam-
ined. In addition, the simulated PBLH (or vertical aerosol dis-
tribution) and RH from GEOS data, combined with satellite-
retrieved AOD data, have been widely used to estimate
near-surface PM2.5 concentrations. For example, Liu et al.
(2004) first generated an annual mean PM2.5 map for the
United States in 2001, by scaling the model and satel-
lite AOD. Ma et al. (2014) developed a national-scale geo-
graphically weighted regression model to estimate the daily
PM2.5 concentrations in China by coupling MODIS AOD and
GEOS-5 meteorological data (including the PBLH, RH, wind
speed, temperature, and other data). Therefore, the aim of
the present study was to validate and analyze the variation
tendencies and distribution of model-simulated PBLH and
ground-level RH in China. Section 2 describes the study
region and the various data used in the analysis. Section 3
presents the validation of the simulated results using ground-
based data. Section 4 presents the analysis of the annual and
seasonal distributions of the PBLH and RH in China. Finally,
conclusions are provided in section 5.

2. Data and methods
2.1. Study domain

China lies between the latitudes of 18◦ and 54◦N and
the longitudes of 73◦ and 135◦E. Its climate differs from
region to region because of the country’s highly complex
topography. According to the different terrain and climatic
conditions, the entire study domain can be divided into
four regions: North China, South China, Northwest China
and the Tibetan Plateau (TP). Barren land and desert are
the main types of terrain in the Northwest China region
(36◦03′–48◦10′N, 73◦40′–120◦58′E), and the Taklimakan
Desert lies in this region. The TP (26◦50′–39◦15′N, 73◦40′–
104◦57′E) is the largest plateau in China and the high-
est plateau in the world, and is dominated by masses of
rock and a mountain plateau climate. The developed (and
thus more polluted) regions in China include the North
China (31◦52′–53◦33′N, 104◦57′–135◦2′E) and South China
(3◦30′–35◦07′N, 97◦51′–124◦34′E) regions, which are di-
vided by the line of the Qinling Mountains–Huaihe River.

http://geos5.org/wiki/index.php?title=GEOS-5{_}Earth{_}System{_}Modeling{_}and{_}Data{_}Assimilation
http://geos5.org/wiki/index.php?title=GEOS-5{_}Earth{_}System{_}Modeling{_}and{_}Data{_}Assimilation


APRIL 2018 SI ET AL. 481

Most of the North China region is covered by cultivated crops
and forest. Northwest China is characterized by a temperate
continental climate with warm and rainy summers but cold
and dry winters. In South China, the land is relatively com-
plex and includes large areas of wetland and grassland, as
well as areas of dry land and forest. The region is character-
ized by a tropical to subtropical monsoon climate, with high
temperatures and rain in summer and mild temperatures and
less rainfall in winter.

2.2. Data processing
A nationwide ground-based LIDAR monitoring network

has not been established in China due to the high expense of
the equipment and the complexity of the operations involved.
As a result, it is difficult to obtain large-scale PBLH data
using ground LIDAR, particularly in the TP and Northwest
China regions. In the present study, we only collected data
from two LIDAR stations to evaluate the model simulations.
As shown in Fig. 1, the stations were in Wuhan (29.97◦N,
113.89◦E; South China region) and Beijing (40◦N, 116.38◦E;
North China region). Notably, dual-polarization LIDAR with
a detection range of 3 km and a resolution of 3 m for verti-
cal measurements is used at these two stations. In addition,
532 nm and 355 nm laser beams are simultaneously emitted

from an Nd:YAG laser every 15 min, approximately, and the
interactions of these beams with molecules and aerosols are
used to investigate Rayleigh scattering and Mie scattering,
respectively. The backscatter echo signals (BES) of atmo-
spheric masses are gathered by the detector. The BES at 532
nm is divided into parallel channel and vertical channel sig-
nals, which can be used to calculate the depolarization ratio.
The average value over a 3-h period [we defined fixed time
intervals of 0800, 1100, 1400, 1700 and 2000 LST (Local
Standard Time, LST=UTC+8)] was calculated to correspond
to the model simulations and reduce the noise associated with
the continuous LIDAR observations. In total, 72 records were
collected during 16–31 December 2012 at Wuhan, and 154
records were collected during 5 August to 1 September 2008
at Beijing.

As the layer of the troposphere that is closest to the sur-
face of the Earth, the PBL is directly influenced by the Earth’s
surface and responds to surface forcing at a timescale of ap-
proximately one hour or less (Guo et al., 2016). The ther-
mal inversion layer that lies between the top of the boundary
layer and the free atmosphere constrains convection activity,
such as the movement of water vapor and pollutants, which
causes aerosol particles to become concentrated in the PBL
(Hägeli et al., 2000; Veerabuthiran et al., 2011; Liu et al.,

Fig. 1. Spatial distribution of the ground-based observation sites (blue stars and
black points) and the 2◦ ×2.5◦ grids (red squares) of GEOS-5. The black lines
divide China into the North China, South China, Northwest China, and TP re-
gions. The blue stars indicate the two ground-based LIDAR systems used to
detect the PBLH, which are located in the cities of Beijing (North China region)
and Wuhan (South China region). The black points indicate the 824 meteoro-
logical stations with RH data from 2004 to 2012. The land classification data
were provided by the Multi-resolution Land Characteristics Consortium.



482 VALIDATION AND SPATIAL-TEMPORAL DISTRIBUTION VOLUME 35

2015). Over land, the PBL follows a course that typically
responds to the sensible heat flux at the surface (Hennemuth
and Lammert, 2006). Specifically, during periods of strong
daytime convection, aerosols are uniformly distributed in the
vertical direction, due to the full development of the mixing
layer. As a result, the extinction coefficient decreases sharply
at the top of the boundary layer, and the position reflected
by an obvious break in the LIDAR signal is defined as the
PBLH (Chen et al., 2009; Chi et al., 2009; Veerabuthiran et
al., 2011). Around sunset, a stable boundary layer evolves in
which mechanically generated turbulence is damped by sta-
bility effects, which corresponds to the height of the top of
the previous day’s residual layer. Using the equation pro-
posed by Fernald et al. (1972), the vertical distribution of
the aerosol extinction coefficient was obtained from back-
scattered signals (Hennemuth and Lammert, 2006). The gra-
dient method, also called the first derivation method, is com-
monly used to derive the PBLH from vertical profiles of the
aerosol extinction coefficient, determining that the method is
sensitive to the advection of an aerosol layer in the residual
layer, above the mixed layer (Hayden et al., 1997). The un-
certainties of the gradient method are related to the presence
of signal noise, atmospheric variability (Li et al., 2017), cloud
droplets, humidity (Menut et al., 1999) chemical pollutants
(Hayden et al., 1997), and other factors. Figure 2 illustrates a
time series of attenuated backscatter signals detected by dual-
polarization LIDAR during 5–15 August 2008 over Beijing.
Generally, the PBLH is below 1 km at the beginning and end
of each day (sunrise and sunset). However, Fig. 2 shows that
residual nighttime aerosol contributes to several peaks in ex-
tinction coefficients and PBLHs greater than 1 km, such as
during nighttime on 8 August and in the morning hours of 9
August. The extinction values correspond to a height above
1 km on 14 August 2008, which was a rainy day with a cloud
layer concentrated at ∼ 4.5 km.

The PBL scheme employed in GEOS-5 uses the Lock
et al. (2000) scheme for unstable layers and the Louis et al.
(1982) scheme in stable shear-driven regimes, based on the
method of turbulence parameterization and the Richardson
number, respectively, as described in detail by McGrath-
Spangler and Molod (2014). The PBLH is derived from ver-
tical profiles of the diffusion coefficient, which depend on at-

mospheric properties at different altitudes. The final diffusion
coefficient represents the vertical mixing by all turbulent pro-
cesses, including surface and cloud-top buoyancy production
and shear production. The PBLH simulated from GEOS-5
is defined as the height of the lowest layer in which the dif-
fusivity falls below a threshold (https://gmao.gsfc.nasa.gov/

products/documents/GEOS-5 Filespec Glossary.pdf). The RH
parameterized from GEOS-5 is approximated by q/qs, where
q is the specific humidity and qs is its saturated value, with
consistency of the RH dataset collected from meteorological
monitoring stations.

In the present study, the simulated PBLH and near-
surface RH data were directly obtained from GEOS-5 be-
tween 2004 and 2012 at a 3-h temporal resolution, i.e., 0000,
0300, 0600, 0900, 1200, 1500, 1800 and 2100 UTC (cor-
responding to 0800, 1100, 1400, 1700, 2000, 2300, 0200
and 0500 LST, respectively), and a 2◦ (latitude) ×2.5◦ (lon-
gitude) horizontal resolution. As shown in Fig. 1, there were
197 GEOS-5 grid cells in China. The China Meteorological
Data Sharing Service System (http://cdc.nmic.cn/home.do)
provides surface meteorological datasets of ground-level RH,
temperature, precipitation and other parameters collected
from 824 meteorological stations. The original RH data used
in this study were measured at 0800, 1400, 2000 and 0200
BJT in the same geographic region as GEOS-5. Based on
the sampling times of the original RH data, GEOS-5 RH data
collected at the same times were extracted. The daily and
monthly means were then calculated using hourly values to
lessen the effects caused by outliers. Spatially, the obser-
vation data from all stations inside each GEOS-5 grid cell
(2◦ × 2.5◦) were further averaged to match with the model
simulations.

Notably, the PBLH estimation algorithm based on LI-
DAR differs from model simulation results. As previously
discussed, LIDAR detects the height of the top of the previ-
ous day’s residual layer and is perturbed by cloud droplets,
which are three to four orders of magnitude larger than the
signal backscattered by the aerosols. In GEOS-5, the PBLH
derived from vertical profiles of the diffusion coefficient is
treated as the height of the lowest layer in which the diffusiv-
ity falls below a threshold; for example, this is defined as 2
m2 s−1 in the operational file. According to the PBLH defini-

Fig. 2. Time series of attenuated backscatter signal (color bar) and boundary
layer depth derived from dual-polarization LIDAR using the samples from 6–
10 August 2008 at Beijing.

https://gmao.gsfc.nasa.gov/products/documents/GEOS-5{_}Filespec{_}Glossary.pdf
https://gmao.gsfc.nasa.gov/products/documents/GEOS-5{_}Filespec{_}Glossary.pdf
http://cdc.nmic.cn/home.do
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tion in GEOS-5 and the results extracted from the model used
in this study, we can use the modeled PBLH to estimate the
vertical extent of surface-connected turbulence, including in
layers above the surface level. This approach differs from the
LIDAR method, which relies on the vertical distribution of
the aerosol extinction coefficient. This is a major contributor
to the large difference between LIDAR-detected and model-
simulated values in this analysis.

3. Results and discussion
3.1. Validation of the PBLH

Table 1 provides the mean, maximum and minimum val-
ues for both the model and in-situ data at the five collection
times. The hourly comparisons show that the ground-based
values of maximum PBLH exhibited a wider range (Wuhan:
1.844 km; Beijing: 2.850 km) at 0800 LST compared with
the range of the model estimates (Wuhan: 0.333 km; Beijing:
0.417 km). The model simulations exhibited good agreement
with the average PBLH values at three times (1100, 1400 and
1700 LST) of the daytime field measurements. As shown in
Table 1, the discrepancy between the model and in-situ ob-
servations in Wuhan was less than 100 m. By contrast, the
times when the model underestimated the PBLH relative to
that based on ground observations were mainly in the morn-
ing and evening. For example, the mean values of the ground-
based PBLH in Beijing at 0800 LST (1.711 km) and 2000
LST (2.137 km) were approximately six to seven times higher
than the model-simulated values (0800 LST: 0.210 km; 2000
LST: 0.373 m). Clearly, the LIDAR-detected PBLH is the top
of the residual layer but not the top of mixing layer.

Although no specific method for determining the detec-
tion error of the PBLH has been developed, findings from the
comparison of multiple measurements (Emeis et al., 2004)
or ground-based LIDAR with different data sources (Liu et
al., 2015) have provided insight into the accuracy of ground-
detected PBLH estimates during the daytime. These find-
ings have demonstrated that ground-based, LIDAR-detected

PBLH values are comparatively robust, although some bias
can be attributed to instrument accuracy, the signal-to-noise
ratio, and other factors. Figure 3 presents a comparison of the
variations in the PBLH, as measured three times daily (1100,
1400 and 1700 LST) at a high confidence level, between the
GEOS-5 and ground-based LIDAR values. The mean values
of the simulated PBLH in both Wuhan (0.687 km) and Bei-
jing (1.408 km) were low-biased compared with the ground
data (Wuhan: 0.761 km; Beijing: 2.232 km). Specifically,
Beijing exhibited larger bias (0.824) and RMSE (0.385) val-
ues than Wuhan (bias: −0.074; RMSE: 0.227). The sam-
pling period in Beijing was in late summer and early autumn,
when turbulent vertical exchange in the atmospheric bound-
ary layer is extremely intense. However, the GEOS-5 model
is not sensitive to abrupt variations in weather conditions or
pollution from near-surface emissions or long-term transport
(Li et al., 2015). The coarse resolution of GEOS-5 may con-
tribute to large uncertainties. In addition, the PBLH values in
Beijing used in this study were larger than those in Wuhan.
To eliminate the impact of the PBLH discrepancies and
achieve a reasonable comparison in different regions, we used
the Q-value, defined as the ratio of the difference between the
GEOS-5 and LIDAR-detected PBLH divided by the LIDAR-
detected value (|PBLHModel − PBLHlidar|/PBLHlidar). Based
on this equation, 25% and 77% of the GEOS-5 simulated RH
in Beijing were located in the range of “Q0.25 : (1± 0.25)×
PBLHlidar” and “Q0.5 : (1 ± 0.5) × PBLHlidar”, respectively,
which were more comparable with the Q-values in Wuhan
(Q0.25 = 36%; Q0.5 = 74%). Overall, despite the signifi-
cant underestimation by the model, GEOS-5 can be used to
perform trend analyses, based on the similar variations and
trends observed in this study.

3.2. Validation of RH
Figure 4 illustrates the validation of GEOE-5 RH using

surface meteorological data. The number of daily mean RH
records from 2004 to 2012 in China is 528 150. A linear re-
gression of GEOS-5 data against data from meteorological
stations yielded a correlation coefficient (r) of 0.78, a slope

Table 1. Mean, maximum and minimum values based on GEOS-5 and field measurements of the PBLH at five sampling times in Wuhan
and Beijing. N is the matched sample size of PBLH between LIDAR and the model simulations in each station. AVG indicates the average
of all the matched samples at each time. MAX and MIN are the maximum and minimum values, respectively, for all the matched samples
at each time. The units of the PBLH are meters.

Wuhan Beijing

Time (LST) N AVG MAX MIN N AVG MAX MIN

0800 LIDAR 15 0.503 1.844 0.245 27 1.712 2.850 0.872
Model 0.167 0.333 0.066 0.210 0.417 0.080

1100 LIDAR 14 0.585 1.165 0.297 27 1.911 2.854 1.154
Model 0.399 0.528 0.250 1.047 1.495 0.579

1400 LIDAR 14 0.819 1.423 0.488 28 2.347 3.031 1.234
Model 0.872 1.171 0.619 1.588 2.404 0.855

1700 LIDAR 14 0.865 2.014 0.435 27 2.353 2.941 1.417
Model 0.776 0.991 0.570 1.551 2.311 0.801

2000 LIDAR 15 0.600 1.516 0.283 26 2.137 2.868 1.034
Model 0.190 0.676 0.078 0.373 0.781 0.142
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Fig. 3. Comparison of hourly PBLH values between ground-based observations
(black points) and GEOS-5 (red points) values during the given period in the
cities of (a) Wuhan and (b) Beijing.

of 0.9, an intercept of 3.26, and an RMSE of 14.31%, which
indicated that the simulated RH strongly agrees with LIDAR
measurements. The density of the points in Fig. 4a shows that
most of the RH values were concentrated in the range of 70%
to 85%. To make the comparison results clearer, the monthly
mean values were calculated to reduce the daily uncertain-
ties of samples. Thus, the number of points was reduced
to 17 500, as shown in Fig. 4b. As expected, the monthly
average results appeared to significantly reduce the noise in
the daily RH. The correlation coefficient and slope increased
to 0.83 and 0.96, respectively, compared to the daily aver-
age, whereas the intercept and RMSE decreased to −0.60

and 10.91, respectively. However, the model results were of-
ten overestimated for humid conditions (RH > 75%) and un-
derestimated for dry conditions (RH < 75%). The locations
of meteorological stations and the coarse spatial resolution
of GEOS-5 likely contributed to the discrepancies between
the model and ground-based data. Therefore, although the
GEOS-5 horizontal resolution in this study was 2◦ (latitude)
×2.5◦ (longitude), our validation analysis shows that the sim-
ulated RH data can be used to replace field measurements to
some extent, e.g., in remote sensing studies of PM2.5.

The summary statistics for the GEOS-5 simulated and
meteorologically observed RH values in different seasons and
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Fig. 4. Validation of GEOS-5-based simulations of (a) daily
and (b) monthly mean RH values using meteorological observa-
tions. The linear regression is shown as the red line. The color
bar represents the number of points with particular ordered pair
values.

regions are presented in Table 2. Seasonally, the RH values
simulated by GEOS-5 were generally lower than ground ob-

servations. The correlation coefficient was higher in spring
(0.8) and summer (0.82) than in fall (0.76) and winter (0.69).
Additionally, the slopes in summer (1.02) and fall (0.95) were
greater than those in spring (0.87) and winter (0.75). Al-
though the correlation was worst in winter, the mean GEOS-5
RH value (59.07%) was more comparable with the meteo-
rological observations (60.61%) in winter than during other
seasons. Geographically, the eastern sites (including the
North and South China regions) generally exhibited higher
RH values than the western sites (including the Northwest
China and TP regions). Except for the overestimation in
the TP (GEOS-5: 53%; ground: 49.79%), GEOS-5 notably
underestimated the observed ground values in the other re-
gions, particularly in Northwest China (GEOS-5: 49.94%;
ground: 38.89%). Linear regression analysis showed that
the slope between the GEOS-5 estimates and meteorologi-
cal observations was highest in the North and South China
regions, at 0.89, whereas the correlation coefficient was high-
est in Northwest China (0.75). The results for the TP were
the worst among the four regions, with a corresponding slope
of 0.72, coefficient of 0.65, intercept of 18.81, and RMSE of
15.45.

3.3. Spatiotemporal distribution of the PBLH
Based on the times of 1100, 1400 and 1700 LST, an-

nual, seasonal and monthly means were calculated to assess
the associated spatial distributions and seasonal characteris-
tics. Figure 5 presents the annual variation in the GEOS-5
PBLH over the entire country and the four regions from
2004 to 2012. At the national scale, the nine-year variation
was quite gradual, and the simulated PBLH values were ap-
proximately stable at 0.7 km. Overall, a gradual increasing
trend was observed from 2004 to 2007, with small decreases
in 2009 and 2010 and a decrease to the 2008 level in 2011.

Table 2. Comparison of the RH between meteorological observations and GEOS-5-based simulations in different seasons and geographical
regions. N is the matched sample size of RH between LIDAR and the model simulations by seasons and regions. r is the correlation
coefficient of comparisons of in situ measurements against GEOS-5 simulations by seasonally and geographically.

N Mean Slope Intercept r RMSE

Season
Spring 144 900 In situ 54.30 0.87 3.95 0.80 14.02

GEOS-5 48.85
Summer 124 600 In situ 67.11 1.02 −5.06 0.82 13.49

GEOS-5 59.32
Fall 127 400 In situ 63.44 0.95 −2.16 0.76 14.09

GEOS-5 55.87
Winter 13 1250 In situ 60.61 0.75 14.45 0.69 14.65

GEOS-5 59.07
Region

North 13 2792 In situ 65.41 0.89 1.93 0.73 13.93
GEOS-5 57.07

South 13 8828 In situ 77.70 0.89 7.78 0.72 10.11
GEOS-5 73.83

Northwest 14 7882 In situ 49.94 0.80 0.23 0.75 12.77
GEOS-5 38.89

Tibet 10 8648 In situ 49.79 0.72 18.81 0.65 15.45
GEOS-5 53.00
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Fig. 5. Trend in the annual mean PBLH simulated from GEOS-
Chem in China, North China, South China, Northwest China
and TP China regions from 2004 through 2012 based on the
times of 1100, 1400 and 1700 LST.

The final values were slightly lower than those in 2004 and
higher than the minimum value, which was observed in 2012
(0.671 km). We found the low PBLH value at the national
scale was due to the sudden decrease in the PBLH in North-
west China. Geographically, the PBLH in North China was
similar to that nationally, and the values remained close to 0.6
km. The PBLH values (∼ 0.55 km) in South China were the
lowest, which was likely due to the influences of frequent rain
and low solar radiation in this region. Additionally, the vari-
ations in this region were smallest among those in the four
regions. According to the land cover data shown in Fig. 1,
desert and barren land are the main land types in Northwest
China. In addition, atmospheric circulation in these regions
is very complex. These two factors resulted in a significant
change in the PBL and a comparatively deep PBLH. For ex-
ample, the PBLH values slowly increased from 2004 to 2008,
sharply decreased to a minimum value in 2009 (∼ 0.65 km),
and then linearly increased to a peak value for the entire study
period (∼ 0.78 km) in the following two years. This trend
may have been because of the abnormal climate conditions
in this region in 2009. For example, Inner Mongolia experi-
enced extremely low temperatures over a wide area and long
period in winter 2009. The annual mean PBLH values were
the highest in the TP region (> 0.85 km) because the high al-
titude and intense solar radiation in the region cause dramatic
variations in the atmospheric structure.

Figure 6 shows the distribution of the seasonal mean
PBLH across China from 2004 through 2012. Notably, the
PBLH over China exhibited seasonal variation, with high val-
ues in summer (June, July and August) and low values in
winter (December, January and February), when the devel-
opment of the PBL is typically suppressed due to the low
amount of solar radiation received at the surface. These sea-
sonal features are consistent with the results of Zhang et al.
(2016), who studied the CALIOP-derived PBLH climatology
throughout China using satellite-based LIDAR. They found
that CALIOP-derived PBLH can be used as a benchmark

for comparison with model-simulated PBLH. During seasons
with frequent haze events (e.g., winter), due to the suppres-
sion caused by aerosol radiative effects and aerosol–wind in-
teraction, a shallow PBLH is apparent across most of China.
This result agrees with previous findings (Quan et al., 2013;
Miao et al., 2016); for example, Wang et al. (2010) and Gao
et al. (2015) observed negative correlations between pollu-
tants and the PBLH. In the present study, geographically, the
PBLH was slightly higher in spring (March, April and May)
and summer than in other seasons in the North China region
because of strong mechanical forcing and synoptic patterns,
such as the strong northwesterly thermal conditions that sig-
nificantly modulate boundary layer processes (Miao et al.,
2015). The lowest PBLH (0.12–0.5 km) values occurred in
winter. This effect was particularly evident in the northeast-
ern part of the North China regions. Notably, temperatures of
approximately −20◦C are not conducive to forming a strong
thermal effect. In South China, the PBLH values were largely
independent of season. The values of 0.5–0.65 km in spring
and summer were higher than the values of 0.35–0.5 km in
fall and winter. Differences in the thermal effect between the
ocean and mainland may have contributed to higher PBLH
values (> 0.65 km) in the coastal regions of North China
and South China during the colder seasons and lower values
(< 0.5 km) during the warmer seasons, whereas inland re-
gions exhibited the opposite trend. Our results are consistent
with those of Zhang et al. (2013), who observed high PBLH
values over Hainan Island in fall and winter.

The seasonal variations were most obvious in the North-
west China region. The average PBLH values in summer
were at least three times as high as those in winter (0.12–0.35
km), which is in good agreement with the results of Ma et al.
(2011). The PBLH over the TP region was characterized by
high values that varied geographically, with an average over
the entire year greater than 0.8 km. The values in the eastern
TP were lower than those in other areas, and the difference
between these values reached 0.4 km. The spatial distribu-
tion of the PBLH revealed a tendency toward higher PBLHs
in high-elevation regions, which was consistent with the de-
pendence on elevation reported in studies in the United States
(Seidel et al., 2012) and China (Zhang et al., 2016).

To obtain more detail regarding the different regional
variations in each season, the average PBLH values in the
same month from 2004 to 2012 were examined. As presented
in Fig. 7, the monthly mean PBLH across China was posi-
tively correlated with the temperature changes in different
months, with high peak concentrations from April to August,
low values in winter, and an approximately symmetrical dis-
tribution across the entire year. Geographically, a similar
trend appeared in the North China region, with a maximum
value (0.91 km) in July and minimum (0.32 km) in January.
In South China, the climate type determined the PBLH trend,
which was the most moderate among those in all the study re-
gions. The values were generally stable and between 0.45 km
and 0.6 km. In the Northwest China region, the monthly av-
erage values fluctuated considerably because the cumulative
effect of frequently continuous clear days was particularly
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Fig. 6. Distribution of the seasonal average PBLH (km) in China from 2004–2012 in (a) spring (March, April,
May), (b) summer (June, July, August), (c) fall (September, October, November), and (d) winter (December,
January, February).

Fig. 7. Trend in the monthly average PBLH in different regions
from 2004 through 2012.

significant from May to August, as were the influences of
surface heating and atmospheric dynamics. For example, the
maximum value in June (1.273 km) was six times higher than

the minimum value in December (0.234 km). In the TP, the
variations were similar to those in China, but the average
PBLH was higher overall than those in other regions. High
values (1.11 km) were observed from April to May, which
was an earlier period than noted in the North and Northwest
China regions.

3.4. Spatiotemporal distribution of RH
Figure 8 shows the variation in the annual mean RH from

2004 to 2012. At the national scale, the nine-year trend was
within the narrow range of 51% to 57%. Geographically, all
four regions exhibited similar trends but with different mag-
nitudes and ranges. In North China, the RH values (52%–
60%) were slightly higher than those across China, which
indicated the climate type was comparatively moderate with
respect to rainfall. The RH decreased obviously from 2004
through 2009. Our results are also consistent with the down-
ward trend observed using ground-based data in a previous
study (Song et al., 2012). The South China region is char-
acterized by abundant rainfall and moist air throughout the
year, in addition to frequent irrigation from rivers and lakes,



488 VALIDATION AND SPATIAL-TEMPORAL DISTRIBUTION VOLUME 35

Fig. 8. As in Fig. 4 but for RH.

which contributed to the higher RH values than those in the
other regions, and the minimum RH was greater than 70%.
By contrast, Northwest China is far from the ocean, and the
land cover of the region consists of desert and barren soil.
The annual precipitation decreases from approximately 400
mm in the east to 200 mm in the west and, at times, to be-
low 50 mm. Therefore, the lowest RH values appeared in this
region, with a maximum of 41% in 2005. Although the TP
lacks precipitation and has strong radiation and few forests,
other factors, e.g., the many mountains covered with snow
and glaciers, led to RH values in the range of 47% to 56%.
The evaluation of long-term meteorological data provided by
Zhang et al. (2011) indicated that the variation in RH from
2004 to 2012 strongly affected the trend in annual precipita-
tion.

Figure 9 shows the seasonal distribution of RH from 2004
through 2012. The variation in North China was complicated.
In Northeast China, the RH increased gradually throughout
the year (spring, summer, fall and winter). On the North
China Plain, the prevailing north-deflected airflow, which is a
relatively weak, warm and humid flow, coupled with the un-
balanced relationship between cold and warm air (Zhu et al.,
2011), create conditions that are ideal for a lack of rain from
March to May, with the wettest conditions in summer and dri-
est conditions in spring. The South China region, which has
a mild climate, exhibited no significant changes throughout
the entire year, with high RH levels of 80%–100%. As ex-
pected, the Northwest China region received scarce precipi-
tation, particularly in the Taklimakan Desert, due to its long
distance from the ocean and the presence of a topographic
barrier that prevents the transport of moist air; thus, this re-
gion had the lowest RH value of 19% (Fig. 9a). Except for
winter, all seasons were dry in the Northwest China region.
This finding is similar to that of Xu et al. (2015), who re-
ported that precipitation in Urumqi increased sharply in win-
ter. In the TP region, the RH values in the southeastern part
were higher than those in other parts because it is cold and
dry in the northwest and warm and wet in the southeast.

Figure 10 shows the monthly variation in RH in the dif-
ferent regions. Nationwide, the variation in the trend first

declined and then increased twice over the entire year, with
low values from March to May and October to November
and high values between January and February and between
July and August. Specifically, the values in April and May
were less than 50%, whereas those in January, July and Au-
gust were approximately 60%. The variation in North China
was similar but with slightly more abrupt than those in China
overall, with peak values of approximately 66% and trough
values of 45%. Because the precipitation in North China is
primarily concentrated in summer, the RH values in this re-
gion peaked (66%) in July and August. Additionally, high
RH values were observed from December to February and
may have been caused by the low evaporation and snow cover
throughout northeastern China. The rainy season in South
China starts each year in May and continues until September,
when the summer monsoon makes landfall from the coastal
areas of the region. Therefore, the RH values in the South
China region were far higher than those in the other regions,
with a maximum in August (81%) and minimum in Decem-
ber (70%). The RH in the Northwest China region was the
lowest in the country and varied considerably throughout the
year. High RH values were observed in November through to
the following February. This result was likely observed be-
cause the snow stages are concentrated in winter, and the low
temperatures are not conducive to evaporation (Dandou et
al., 2009). By contrast, the RH gradually decreased, starting
in spring, due to a rapid increase in the surface temperature
and disappearing snow cover, which resulted in relatively dry
conditions from March until October. As illustrated by the
pink line in Fig. 10, the trend in the TP region was completely
associated with the influence of the rainy season. Thus, the
climate from May to September each year is naturally wet.

3.5. Discussion
The application of satellite remote sensing to PM2.5 pre-

diction has evolved greatly in China. Many recent studies
have established the AOD–PM2.5 relationship using ad-
vanced statistical models. These studies included meteoro-
logical parameters (e.g., PBLH, RH, temperature, and wind
speed) as covariates to improve model performance. How-
ever, meteorological parameters have not been as widely
investigated as satellite AOD. To the best of our knowledge,
previous studies have not specifically focused on the effects
of the PBLH and RH on PM2.5 satellite prediction. For ex-
ample, although a geographically weighted regression model
and two-stage spatial statistical model can accurately predict
PM2.5 concentrations with little bias at the seasonal level,
they yield relative prediction errors of greater than 30% at
the daily scale (Ma et al., 2016). Based on our sensitivity
analysis of prediction models, and personal communications
with Zongwei MA and Yang LIU (2016), we found that
predicted PM2.5 concentrations are typically negatively cor-
related with PBLH and RH data. Thus, high PBLH or RH
values from GEOS-5 yield low model estimates of PM2.5
concentrations. In this study, the modeled PBLH was gen-
erally lower than the LIDAR-based PBLH; therefore, the
final PM2.5 was often overestimated. The impact of GEOS-5
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Fig. 9. As in Fig. 5 but for RH (%).

Fig. 10. As in Fig. 6 but for RH.

RH on PM2.5 prediction is complex because the quality of
modeled RH data varies in different regions, seasons, and
dry–wet conditions, according to our validation. Most impor-
tantly, China’s ground-based PM2.5 network has been opera-
tional since 2013, while epidemiological studies usually re-

quire long-term PM2.5 data. Therefore, estimating historical
PM2.5 levels would be very useful in China. For example, Ma
et al. (2014) generated 10-year (2004–2013) mean PM2.5 es-
timates in China and four sub-regions (including the Beijing–
Tianjin metropolitan region, Yangtze River delta, Pearl River
delta, and Sichuan Basin), and the interest in these data will
likely be quite high within the global research community.
Based on our analysis of the nine-year PBLH and RH using
GEOS-5 data, the characteristics of the spatiotemporal dis-
tributions presented in this study can be used to improve the
performance of PM2.5 prediction models.

4. Conclusions
This analysis first validated the GEOS-5-simulated PBLH

and RH using ground-based measurements. The PBLH val-
ues provided by GEOS-5 were similar over Wuhan but un-
derestimated over Beijing compared to ground-based LIDAR
data. Notably, obvious discrepancies were observed between
the modeled values and in-situ observations in late summer
and early autumn, as well as at the 0800 and 2000 LST sam-
pling times. Due to the limited sample size, the quality of
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the model-simulated PBLH remains unclear and is under in-
vestigation. We will perform further evaluations if additional
ground-based LIDAR observations become available. When
comparing the simulated RH values from the model and
meteorological statistics, the coefficients of daily mean and
monthly mean RH were 0.78 and 0.83, respectively. Overall,
the RH data simulated from GEOS-5 can be used to deter-
mine the actual trends in different regions and periods. To
the best of our knowledge, the accuracy of satellite-estimated
PM2.5 strongly depends on the quality of the PBLH and RH
data. The comparison results presented in this analysis can
be used to improve the process of obtaining satellite-derived
PM2.5.

Based on the satisfactory accuracy of the simulated re-
sults, the specific trends and distributions in the average
PBLH and RH in different regions (North China, South
China, Northwest China, and the TP) and seasons were dis-
cussed. The annual average PBLH values from 2004 to 2012
across China exhibited a narrow range (0.68–0.72 km). The
highest PBLH values were observed in the TP region, which
is affected by polar radiation and precipitation, followed by
those in the Northwest and North China regions, with the
lowest values in the South China region. Seasonally and
monthly, large differences were observed among the four sea-
sons, with higher values in summer and lower values in win-
ter in all four regions. Additionally, high values were mainly
concentrated from April to August, with the minimum value
in December. Although the RH was obviously lower in sum-
mer, discrepancies and long-term variations were observed
among the four regions, and no clear trend was identified at
the regional or urban scales. Based on the regional divisions
in this study, the climate in South China was the wettest due
to abundant rainfall, whereas the RH in the Northwest China
region, which includes desert areas, was less than 30%. Sea-
sonally, the climate in the South China region was the most
moderate. Northwest China was relatively wet in winter, with
dry conditions in spring. Comparatively high values in other
regions were mainly concentrated between July and Septem-
ber.

This analysis serves as a reference for studying the spatial
and seasonal variations in the PBLH and RH and for further
developing AOD–PM2.5 models. However, the annual, sea-
sonal and daily average PBLH and RH values do not meet the
required accuracy of AOD–PM2.5 models and cannot com-
pletely capture the associated dynamic changes. Therefore,
in future work, PBLH and RH data from specific study peri-
ods will be extracted and applied to establish a more robust
model for estimating the ground-level PM2.5 mass concentra-
tion.
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