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A B S T R A C T
A set of 152 vertical profiles of aerosol number concentration and size distribution with diameter ranging from 0.12 to
3.0 μm observed by the airborne optical spectrometer probe in Beijing, China, between February 2005 and September
2006 is analysed and discussed. The statistic of aerosol number concentration (Na) reveals a high aerosol number
density in this region with average surface level number concentration (N0) of about 6600 cm−3 (0.12–3.0 μm). The
average vertical profile of Na approximately satisfies an exponential decline function with a scale height of 1419 m. The
Na profiles are influenced by the structures of planetary boundary layer (PBL) significantly and two typical types of
Na profile under different conditions of PBL are presented and parametrized in this study. The observations of aerosol
size distribution show that, in most cases the aerosol size distributions are not very sensitive to altitude, with effective
radii ranging from 0.16 to 0.28 μm. Comparison between aircraft-derived aerosol optical depth (AOD) and Moderate
Resolution Imaging Spectroradiometer-derived AOD shows good agreement. The Mie model calculations suggest that
the surface level number concentration, the PBL height and the structure of PBL can influence the AOD significantly.

1. Introduction

Along with the rapid economic growth in China, an increasing
anthropogenic emission of aerosol particles is having strong im-
pacts on the regional air quality and the climate. In particular,
aerosol particles influence the global radiation balance, which is
a fundamental process that determines the climate by scattering
and absorption of solar radiation (direct effect) (e.g. Charlson
et al., 1992) and by serving as nuclei for formation of clouds
(indirect effect) (e.g. Twomey, 1974; Albrecht, 1989). A recent
study shows that the magnitude of precipitation in eastern central
China has decreased significantly during the last 40 yr and the
reduction of precipitation is strongly correlated to the high con-
centration of aerosol (Zhao et al., 2006). However, these effects
induced by aerosols are difficult to be quantified (e.g. Haywood
et al., 2003; IPCC, 2007). Especially, large uncertainties remain
in the measurements of the aerosol vertical distributions in the
low troposphere, which contains the bulk of aerosol mass (e.g.
Gobbi et al., 2004). The aerosol vertical distribution has strong
effects on the calculations of the direct and indirect radiative
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forcing (e.g. IPCC, 2007). There is a clearly need to better un-
derstand the aerosol vertical distribution.

Aerosol number concentration Na (cm−3) is usually consid-
ered as a crucial parameter in presenting the aerosol pollution
conditions and an important factor for interacting with cloud
formation. Aerosol effective radius Re (μm) is another impor-
tant parameter, which represents the mean size of the aerosol
particles. The observed aerosol characterizations such as Na and
Re are generally different within and above the planet bound-
ary layer (PBL; see e.g., Spinhirne et al., 1979; Welton et al.,
2002; Han et al., 2003). The structure of PBL is a key factor
in determining the shape of the Na vertical profiles inside the
PBL. Above the PBL, the mineral dust from Gobi Desert could
be lifted into the free troposphere (FT) and transported over
thousands of kilometres to the eastern China (e.g. Zhang et al.,
2006; Han et al., 2008), altering the vertical profile of size distri-
bution and Re significantly. Moreover, recent research indicates
that aerosol pollutant near surface can be transported by local
circulations, forming an elevated pollution layer in the FT with
high concentration which is comparable to that within the PBL
(Chen et al., 2009).

Such variable aerosol vertical distributions can alter the op-
tical properties of aerosol such as aerosol optical depth (AOD)
significantly, thus influencing the regional and global radiation
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balance. Therefore, more direct and long-term observations are
needed to characterize the height-resolved aerosol properties and
to provide essential validations for the models and the satellite
remote sensing. Aircraft measurements are capable of provid-
ing high resolution in situ data of aerosol vertical distribution
directly observed in the low troposphere (e.g. Bates et al., 1998;
Collins et al., 2000a,b; Schmid et al., 2000; Anderson et al.,
2003; Haywood et al., 2003; Zhang et al., 2006). However, be-
cause of the high operating costs, there is still a lack of aircraft
measurements of the aerosol number concentrations and size dis-
tributions in the low troposphere over city areas of developing
countries. As a mega city in China with population exceeding 15
million (National Bureau of Statistics of China, 2008), Beijing
is suffering from severe air pollution problems driven by rapid
development on both local and regional scales. To obtain the
characterizations of aerosol and cloud in this region, intensive
aircraft measurements were conducted during 2005 and 2006.

In this paper, we present a large number of aerosol verti-
cal profiles (152) derived from 105 flights, which were car-
ried out in Beijing region during the spring, summer and au-
tumn in 2005 and 2006. After the introductions of the flight
information, the aircraft instruments, the Moderate Resolution
Imaging Spectroradiometer (MODIS) data and HYbrid Single-
Particle Lagrangian Integrated Trajectory (HYSPLIT) model
employed in the analysis and the method for data processing in
Section 2, the vertical distributions of number concentration, ef-
fective radius and size distribution are analysed and discussed in
Section 3. In Section 3.1, the average vertical profile and dif-
ferent types of vertical profiles of aerosol number concentration
are presented, and a set of parametrized equations is devel-
oped to describe these profiles. In Section 3.2, different types
of vertical distributions of effective radius and size distribution
are illustrated and discussed. The optical properties of different
aerosol vertical distributions are discussed in Section 4. In Sec-
tion 4.1, Mie theory is applied to calculate the vertical profiles of

Fig. 1. Map of Beijing region shows
location of study site (magenta pentacle),
flight routes (grey lines), the 2-yr average
MODIS AOD distribution (2005–2006,
0.1◦ × 0.1◦ resolution), and the urban area
of Beijing city (the area in the thick solid
black rectangle which represents the Fourth
Ring Road of Beijing).

aerosol extinction coefficient. Subsequently, the aircraft-derived
AODs are estimated and compared with AOD derived from the
satellite-borne MODIS instruments in Section 4.2. Section 4.3
designs eight scenarios of aerosol vertical distributions and the
sensitivity of AOD to each factor of aerosol vertical distribu-
tion is estimated. A discussion and conclusion are presented in
Section 5.

2. Methods and data

2.1. Flight information

Beijing is located in the north of Plain of North China. The
urban area of Beijing is surrounded by mountains to the north,
northwest and west. Tianjin and Shijiazhuang are another two
big cities located in the Plain of North China to the south-
east and southwest of Beijing, respectively. This study presents
data from the flights in the Beijing region during the peri-
ods from February to October 2005 and from February to
September 2006. The measurement was made by Weather Mod-
ification Office, Beijing Meteorological Bureau (WMOBMB)
during the Beijing Urban Aerosol Measurement (BUAM) cam-
paign. All measurements were carried out between 8:00 and
19:00 (local time).

Figure 1 shows the distribution of 2-yr (2005–2006) average
of MODIS-derived AOD at 550 nm wavelength in Beijing region
and the flight routes of all profiles we analysed for this study.
The average MODIS AOD distribution is derived from NASA
level 2 products. Two-year data of 2005 and 2006 were used
to average at 0.1◦ × 0.1◦grids. The MODIS AOD distribution
shows a heavily polluted region from the southwest of Beijing
region expanding to the south and west areas, with average AOD
exceeding 0.6. The urban area of Beijing is polluted more heavily
with average AOD exceeding 0.8. The north, northwest and west
mountain areas are relatively clean. The flight areas are located
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to the north of the urban area, near the northwest trim of the
regional polluted area. Most of the vertical profiles are located
in a circle with radius of 15 km, and all profiles are limited into
a 30 km radius circle area. The average MODIS AOD value of
the flight areas is about 0.6–0.8.

2.2. Instrumentation on the aircraft

Instruments employed in the observation were mounted on
a multiengine aircraft (Cheyenne IIIA) to measure the size
spectrum of particles, the meteorological parameters and the
spatial locations simultaneously. The size spectrum of parti-
cles was measured by a particle measuring system (PMS Inc.,
Boulder, CO, USA), including a passive cavity aerosol spec-
trometer probe (PCASP) instrument and a forward scattering
spectrometer probe (FSSP) instrument. Small and middle size
particles with diameter ranging from 0.1 to 3.0 μm, such as
sulphate, soot, organic carbon and smaller mineral dust parti-
cles were recorded by PCASP instrument with 15 unequally
sized bins. The de-icing heater remained off during the whole
field campaign. The FSSP instrument was applied to measure
large (coarse) aerosol particles (e.g. larger mineral dust parti-
cles) and small cloud droplets with diameter ranging from 2
to 32 μm (Zhang et al., 2006). The meteorological parameters
such as ambient air temperature (T) and dew point (Td) were also
measured during flights and the relative humidity (RH) can be
calculated subsequently. The real time locations such as longi-
tude, latitude and altitude were recorded by a Global Positioning
System (GPS) instrument. All instruments were operated at 1-s
intervals. The speed of aircraft was about 100 m s−1 and the
rate of climbing or descent of the aircraft was about 2–5 m s−1.
The particle measuring instruments (PCASP and FSSP) are cali-
brated using polystyrene latex spheres (PSL) by Particle Metrics
Inc. (PMI) every year before the measurements take place. More
detailed information regarding to the measurement instruments
is provided by Zhang et al. (2006).

2.3. The MODIS data

The MODIS instruments mounted on Terra and Aqua satellites
of NASA provide a global distribution of AOD, using multi-
channel information and pre-assumptions of aerosol type and
size distribution. The MODIS aerosol products, which provide
the AOD at 0.55 μm wavelength with spatial resolution of 10 km
at nadir were released by NASA. These products were validated
by Aerosol Robotic Network (AERONET) and the accuracy
was estimated to be ±0.05 ± 0.2 AOD (Chu et al., 2002;). In
Beijing region, the MODIS AOD level 2 products were validated
by handheld Sun photometers from Peking University and the
result indicated that most of the data points were within the error
range of 20% which was suggested by NASA (Chu et al., 2003;
Li et al., 2003).

2.4. The HYSPLIT model

The HYSPLIT model is a complete system for computing sim-
ple air parcel trajectories to complex dispersion and deposition
simulations, which was developed by NOAA and Australia’s
Bureau of Meteorology (Draxler and Rolph, 2003; Rolph, 2003).
In order to identify the wind direction and the air mass origin of
the long-range transport cases in our aircraft measurements, the
newest internet based version of HYSPLT 4.9 was applied to cal-
culate the 3-d backward-trajectories. In this study, the 3-hourly,
1◦ × 1◦ spatial resolution NCEP’s Global Data Assimilation
Syste (GDASm) data archive was chosen as the gridded mete-
orological data which are necessary in the backward-trajectory
calculations.

2.5. Theory and method

The number concentrations of particles with different diameters
were recorded by PCASP or FSSP instruments, and each in-
strument has 15 size bins. The total number concentration Ntot

(cm−3) for each instrument is the sum of the concentration from
all bins, which is expressed by

Ntot = �iNi, (1)

where Ni (cm−3) is the particle number concentration at the ith
bin. The effective radius Re (μm) is calculated with the following
equation:

Re = �iNiD
3
i /�iNiD

2
i /2, (2)

where Di (μm) represents the geometry mean diameter at the ith
bin, and Re is the effective radius, which is a more useful param-
eter to represent the effective size of particles for aerosol optical
properties. The aerosol normalized particle number size distri-
bution (normalized PNSD) is defined as the following equation:

f (log Di) = Ni/� log Di/�iNi = Ni/� log Di/Ntot, (3)

where �log Di = log Dupper
i – log Dlower

i , Dupper
i and Dlower

i refer
to the upper and lower bounds at the ith bin, respectively. This
function could demonstrate the vertical characteristic of aerosol
number size distribution better than an unnormalized one, which
is not divided by the total number concentration (Ntot) of aerosol,
for the reason that Ntot usually varies greatly as a function of
altitude.

The FSSP instrument can measure both cloud droplets and
coarse mode aerosol particles. The analysis of FSSP data com-
bined with the manually recorded flight diary and the RH data
show that, the FSSP number concentration Nc (cm−3) measured
in cloud generally ranges from 10 to several hundred cm−3 (Deng
et al., 2009) and the RH is higher than 70%. By comparison, the
FSSP number concentration measured in dust plumes is gener-
ally less than 10 cm−3, and the RH is usually low. Only once in
the heavy dust storm of 17 May 2006, coarse mode aerosol with
FSSP number concentration values higher than 10 cm−3 (about
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10–15 cm−3) was observed in our study, with RH less than 20%.
Here in this study we use the criteria that Nc > 10 cm−3 and
RH > 70% to distinguish cloud areas from non-cloud areas.

In this paper, the aerosol number concentration Na (cm−3)
refers to the total number concentration recorded by PCASP
instrument. Due to the detection limit of the instrument, the
data in the first bin (0.1–0.12 μm) is not accurate, and therefore
they have been eliminated from the analysis. As a result, the
characteristics of aerosol presented in this study represent that
of aerosol with diameter ranging from 0.12 to 3 μm.

The Mie theory was applied to calculate the extinction profiles
and the AOD, and to estimate the impacts of different aerosol ver-
tical distributions on these optical properties. According to the
Mie theory, the scattering cross-section σ sc (μm−2) and the ab-
sorption cross-section σ ab (μm−2) of a single spherical particle
are determined by several important factors, including aerosol
diameter Dp (μm), refractive index m and wavelength λ (μm).
The extinction cross-section σ ex (μm−2) is the sum of σ sc and
σ ab. Thus, the scattering coefficient ksc (m−1), absorption coef-
ficient kab (m−1) and total extinction coefficient kex (m−1) are
expressed as

ksc = �i σsc (log Di)n(log Di)� log Di, (4)

kab = �i σab (logDi)n(log Di)� log Di, (5)

kex = �iσex (logDi)n(logDi)� log Di = ksc + kab, (6)

where n(log Di) is the logarithms particle number concentration
of the ith bin. The AOD can be calculated by integrating the
extinction coefficient over height

AOD = ∫ kex(h)dh. (7)

2.6. Data selection and processing

Data applied in this study were carefully selected in order to
accurately represent the characteristics of aerosol vertical dis-
tributions. An analysis procedure was applied to select aerosol
vertical profile data.

(i) Exclude the data measured during hours with precipitation
and the data observed in cloud areas. The precipitation hours
were recorded in the flight diary, and the criteria to distinguish
cloud conditions have been discussed in Section 2.5.

(ii) Select vertical profile data measured during aircraft as-
cending or descending to reveal characteristics of aerosol verti-
cal distribution. According to our flight plan, the aircraft was
spiraled down over the site to get vertical profiles before it
landed. The diameters of the circles are about 10 km, and the
upper bounds of these descending vertical profiles are generally
3600 m. To efficiently utilize the precious aircraft data, the as-
cending profiles with upper bounds higher than 1800 m (which
is usually higher than the PBL heights) and horizontal distances

less than 30 km from where the aircraft takeoff are also used in
our analysis of vertical profiles.

(iii) Average data at 100-m height intervals and eliminate
statistical outliers at the same time. We used the criteria that |Na–
Na

avg| > 3 SD to find out statistical outliers at each specific
altitude level, where Na

avg is of mean value of Na at a specific
altitude level, and SD refers to the standard deviation.

As a result, we selected 152 vertical profiles from the original
records of 105 flights with the procedure above, and the profiles
selected were mostly undertaken in the spring, summer and
autumn.

3. Experimental results

3.1. Vertical distributions of aerosol number
concentration (Na)

Vertical distributions of aerosol number concentration retrieved
from aircraft measurements are presented in Fig. 2. It shows that
the aerosol number concentration (Na) near surface level ranges
from 1000 to 10 000 cm−3 (10th to 90th percentiles), with an
average value of 6600 cm−3, indicating that the aerosol num-
ber concentration are generally very high in the Beijing region.
The values of Na generally decrease with altitude (grey lines in
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Fig. 2. All vertical profiles of aerosol number concentration (Na). The
solid black line, solid grey lines and horizontal error bars represent the
average Na vertical profile (obs. avg.), the observed Na profiles (obs.)
and the 10th and 90th percentiles of Na values at each altitude level,
respectively. The dashed black line shows a regression curve Na =
6612 exp(–H/1419) [fit avg., see eq. (8) and Table 1] fitted to the
average Na vertical profile. The dash–dotted black line (left, fit–) and
the thin solid black line (right, fit+) are assumed exponential decline
curves representing the Na profiles under the clean air condition and
the heavily polluted condition, respectively. N = 152 represents that the
number of profiles is 152.
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Fig. 2). The average Na profile (thick black solid line) appears
to decrease with altitude exponentially, as shown in dotted black
line in Fig. 2, which is expressed by the exponential equation as
following:

Na = N0 exp(−H/Hp), (8)

where N0 = 6612 cm−3 and Hp = 1419 m, representing the
aerosol surface level number concentration and the aerosol scale
height, respectively. These values are derived from the linear
regression of the linear equation log Na = –H/Hp + log N0. The
regression also suggests that r2 = 0.9881 and rms = 247 cm−3,
where r is the correlation coefficient and root mean square (rms)
represents root mean square errors of the fitted profile from the
observed average profile. The black dash–dotted line (left-hand
side) represents the vertical distributions under clean air condi-
tion (assume N0 = 1500 cm−3, Hp = 1419 m), while the thin
solid black line (right-hand side) represents that of the heavily
polluted condition (assume N0 = 12 000 cm−3, Hp = 1419 m).
This exponential decline profile of aerosol number concentration
is consistent with the previous studies (e.g. Seinfeld and Pandis,
1997).

However, the vertical profiles of Na vary greatly from case to
case due to a variety of influences. The structure of PBL is a
crucial factor, which determines the aerosol vertical distribution
in the low troposphere. Two typical types of Na vertical profiles
are classified according to their different shapes, as shown in
Fig. 3. Figure 3a1 shows the vertical profiles of Na of the first
type (defined as ‘Na_type A’). The Na values of this type profiles
are generally uniform within the PBL, indicating that the aerosol
pollutants are well mixed by the strong turbulence in the PBL
but the concentration sharply decreases above the PBL. The PBL
heights can be determined by the vertical profiles of Na, and the
results show that the PBL heights range from 500 to 1800 m with
an average value of about 1000 m. Figure 3a2 shows the ambient
temperature (T) profiles of Na_type A. This figure indicates that
the T profile of Na_type A usually has elevated inversion layers
at the top of PBL, which prevent the vertical diffusion of pol-
lutant from the PBL to the FT. To better show the similarity of
these profile shapes, the PBL heights of different profiles have
been adjusted to the same level in these two figures; in Fig. 3a2
the temperatures of the top of PBL have been adjusted to the
same value, too. In contrast, the vertical profiles of Na and T of
the second type (defined as Na_type B) are shown in Figs. 3b1
and b2, respectively. For Na_type B profiles, the values of Na

decrease rapidly with the increase of altitude. The T profiles of
Na_type B show that the temperature gradients near surface are
generally small, indicating that the surface layers are relatively
stable and the turbulence is weak. The analysis of the flight dairy
shows that the different situations of Na profiles are basically re-
lated to the different weather conditions. In the Na_type A case,
the sky is generally clear (57%) or partly cloudy (43%); most
of the clouds are altocumulus or cirrus. In contrast, most of the
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Fig. 3. Different shapes of aerosol number concentration (Na) and
temperature (T) profiles. (a1) and (a2) show the vertical profiles of Na

and T of Na_type A, representing cases with an elevated inversion layer
at the top of PBL and a well mixed PBL below it; in these two figures
the PBL heights of different profiles have been adjusted to the same
level; in (a2) the temperatures at the top of PBL have been adjusted to
the same value; (b1) and (b2) show the vertical profiles of Na and T of
Na_type B, representing cases with relatively stable surface layers. The
dashed black lines show calculated profiles [fit avg., see eqs (8), (9) and
Table 1] consistent with the average Na vertical profile.

weathers of Na_type B are cloudy or overcast (82%); the clouds
are usually stratocumulus, altocumulus or/and nimbus.

Different types of Na vertical profiles discussed above can be
empirically described by the following equations:

In the Na_type A case:

Na =

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

N0,

(if H < HPBL);

N0 − k · (H − HPBL),

(if HPBL ≤ H < HPBL + HLD) ;

(N0 − k · HLD) exp
(
−H−HLD−HPBL

Hp

)
,

(if H ≥ HPBL + HLD).

(9)

where H (m), N0 (cm−3), HPBL (m) represent the altitude,
surface level number concentration and the height of PBL,
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Table 1. Sets of values used in the empirical equations describing different types of Na profiles

Na_Types Equation no. N0
a (cm−3) Hp

b (m) HPBL
c (m) HLD

d (m) ke (cm−3 m−1) RMS errors (cm−3)

Average (8) 6612 1419 – – – 247
Na_type A (9) 8000 1800 1000 200 28 438
Na_type B (8) 6140 758 – – – 262

aSurface level aerosol number concentration.
bIn eq. (8), Hp is the aerosol scale height; in eq. (9), Hp is the aerosol scale height in the free troposphere.
cThe PBL height.
dThe thickness of the linear decrease layer (LDL).
eThe decreasing rate in LDL.

respectively; HLD (m) is the thickness of a transition layer named
linear decrease layer (LDL) where Na decreases rapidly, and
k (cm−3 m−1) represents the decreasing rate in this layer; Hp (m)
is the aerosol scale height above the LDL (in the FT).

In the Na_type B case, the vertical profiles generally decrease
exponentially with altitude, and thus eq. (8) is applied to em-
pirically describe this type of Na profiles. However, the values
of N0 and Hp in eq. (8) applied for the Na_type B are different
from those applied for the average profile (see Fig. 2), and the
Na_type A applied another empirical equation (eq. 9) as men-
tioned above. In order to clearly describe different types of Na

profiles, several sets of value used for describing the Na profiles
of Na_type A, Na_type B and the average profile are given in
Table 1. Comparisons between the calculated profiles and aver-
age profiles of the observation are illustrated in Fig. 3, the rms
errors between them are also listed in Table 1. Compared with
the Na values, the rms errors are relatively small. These results
indicate that the equations mentioned above could well describe
the vertical structures of Na profiles.

3.2. Vertical distributions of aerosol effective radius
(Re) and particle number size distribution

The effective radius (Re) defined as the ratio of the third to the
second moment of the aerosol number size distribution is an
important parameter to describe the size and the optical proper-
ties of aerosol. Figure 4 depicts the vertical distributions of Re

of all profiles. It clearly indicates that most of the values of Re

are below 0.4 μm while profiles with the radius larger than
0.4 μm are sparsely distributed. The average Re increases
slightly with altitude. For the reason that Re represents the mean
size of aerosol, aerosol plumes with different Re generally origi-
nated from different sources. Thus it is necessary to study differ-
ent characteristics of aerosol vertical distributions by classifying
aerosol profiles according to their effective radii.

In this study, two types of Re profiles are classified and dis-
cussed. The profiles with maximum value of Re smaller than
0.4 μm are classified as Re_type A, representing that the local
or regional pollution is heavy and dominant and the effects of
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Fig. 4. Vertical distributions of the aerosol effective radius (Re) of all
profiles. Curves reported in the figure represent the average Re vertical
profile (black line, obs. avg), the observed Re profiles (grey lines, obs.)
and the 10th and 90th percentiles of data at each altitude level (the
horizontal error bars).

long-range transport from desert areas are small. According to
the flight dairy, RH data and the season, some profiles with larger
Re values are classified as Re_type B cases, representing that the
effects of long-range transport of dusts from desert areas play
an important role for the aerosol size distribution in the Beijing
region. There are 102 profiles in Re_type A (67% of all profiles)
and 27 profiles in Re_type B (18% of all profiles) in total. The
other profiles (15% of all profiles) with Re larger than 0.4 μm
may be influenced by other processes such as clouds, high RH
and smokes, while the detail analysis will be not presented in
this paper.

Figure 5 illustrates the aerosol vertical distributions of Re (see
Figs. 5a1 and b1) and the average normalized PNSD (see
Figs. 5a2 and b2) at different altitudes for Re_type A and
Re_type B, respectively. As shown in Fig. 5a1, most Re values
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Fig. 5. (a1) and (b1): different types of Re profiles; see Fig. 4 for the
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the number concentrations) at 100, 1000, 2000 and 3000 m for
different Re_type cases. Re_type A refers to the profiles dominated by
the local/regional fine particle pollutions (with maximum Re smaller
than 0.4 μm); Re_type B refers to the profiles influenced by the
long-range transport of dusts.

in the Re_type A case range from 0.16 to 0.28 μm, with an
average value of about 0.22 μm, and the vertical variability is
very small. In contrast, Re vertical profiles in the Re_type B case
show very different features compared to those in the Re_type_A
case (see Fig. 5b1). For example, the average value of Re near
surface level is about 0.26 μm, which is comparable to the value
of Re_type_A case. However, this value increases significantly
at the height from 1000 to 2000 m. At the FT (above 2000 m)
the values of Re are very large (about 0.7 μm) and the varia-
tions with altitude are small, suggesting that these large aerosol
particles outside the PBL come from a similar origin (mineral
dust).

Accordingly, in Figs. 5a2 and b2, the differences in normal-
ized PNSD between these two types are also presented. Fig-
ure 5a2 indicates that the shapes of the number size distributions
of Re_type A at different altitude levels are very similar. This
result also indicates that these aerosols at different altitudes are
generally from the similar sources. Considering that Beijing is

a heavily polluted mega city with a large population and other
big cities such as Tianjin and Shijiazhuang are located nearby,
the local or regional anthropogenic aerosol emissions could be
the sources of the aerosol with vertical homogeneous shapes of
number size distribution in Re_type A cases. By comparison,
the normalized PNSD of Re_type B at different altitudes shown
in Fig. 5b2 indicates that the shapes of number size distribu-
tions at different altitudes are very different, especially for the
size greater than 0.5 μm. It is clear that the shapes of particle
number distribution for the small particles (<0.5 μm) remain
almost constant within and above the PBL while the propor-
tion of large particles increases rapidly above the PBL height
(2000 m) compared to the value within the PBL. By comparing
the Figs. 5a2 and b2, we can also see that the shape of num-
ber size distribution of Re_type B near surface level is similar to
the general shape of Re_type A. This indicates that a near-surface
layer of aerosol from local (or regional) sources changes little
even if the aerosol in higher altitudes changes a lot.

In order to confirm our assumption that the large-size par-
ticles observed in the Re_type B cases are related to the long
range transport of mineral dusts, the wind directions and the
air mass origins of the these cases are identified by the internet
based HYSPLT model (Draxler and Rolph, 2003; Rolph, 2003).
Figure 6 shows the 3-d backward-trajectories of all Re_type B
cases at the surface level (100 m) and FT (2500 m). The transport
paths indicate that the large-size particles observed by aircraft
in Re_type B cases originated from the arid areas to the west of
Beijing.

Figure 7 shows the time series of the mean values of Re above
1500 m. Most of mean values of Re above 1500 m are lower
than 0.4 μm. In 2005, values of Re larger than 0.4 μm were
observed in April, May and the beginning of June. The peak of
monthly average values is in April (see Fig. 7a). In 2006, the
mean values of Re above 1500 m larger than 0.4 μm occur in the
springtime (March, April and May). These two figures indicate
that the large-size particles in the FT occur more frequently
in the springtime when the mineral dust events happen more
frequently in the Beijing region (e.g. Kurosaki and Mikami,
2003; Zhao et al., 2004), suggesting that the vertical distributions
of Re and size distributions can be significantly affected by long-
range transport of mineral dusts during the springtime in Beijing
region.

4 The optical properties of aerosol vertical
distributions

4.1. The extinction coefficient profiles derived from
the aircraft measurements

The vertical profiles of aerosol number size distributions also
provide useful information to better understand the aerosols op-
tical properties. With the Mie theory, the extinction coefficient
(kex) profiles and the AOD can be derived from the vertical
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distributions of PNSD measured by aircraft. In the Mie scatter-
ing calculations, the refractive index m needs to be assumed.
Considering that the PCASP instrument uses the manufacturer’s
recommended value m = 1.585 + 0i to calculate the particle size
(Strapp et al., 1992), this value is also used in the calculation
from the PNSD to the extinction coefficient.

The calculated kex profiles are presented in Fig. 8. It shows
that the kex profiles (grey lines) generally decrease with altitude,
and the average kex profile (solid black line) decreases near
exponentially. An exponential decline function (dashed black
line in Fig. 8) is applied to depict the shape of average kex profile

kex = 0.00088 exp{−H/1601}, (10)

where H represents the altitude. The unit of kex is m−1 and the
unit of H is m. The values applied in this equation are derived
from the regression of the linear relation between log kex and H,
with r2 = 0.9760 and rms = 4.88 × 10−5 m−1. This regression
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Fig. 8. The aerosol extinction coefficient (kex) profiles derived from
the PNSD measured by PCASP. Curves reported in this plot represent
the average kex vertical profile (black line, calc. avg), calculated kex

profiles (grey lines, calc.), and the 10th and 90th percentiles of data at
each altitude level (the horizontal error bars). The dashed black line (fit
avg.) shows a regression curve kex = 0.00088 exp(–H/1601) fitted to
the average kex vertical profile.

equation indicates that the average kex value at surface level
is 0.00088 m−1 and the scale height of the average profile is
about 1600 m. Both the curves in the figure and the rms value
indicate that the errors of the regression equation are small from
the average kex profile. This result can provide reference as
an extinction profile over a heavily polluted mega city for the
climate models.

4.2. Comparison between the aircraft-derived AOD
and the MODIS-derived AOD

After the calculation of extinction profiles, the AOD was calcu-
lated by vertically integrating the extinction coefficients over the
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height. Profiles with maximum height higher than 2500 m were
selected to conduct the comparison between the aircraft derived
AOD and the MODIS AOD. Typically the maximum height of
a profile is 3600 m, and the criteria we used to select profiles for
the statistic of Na, Re and kex vertical distributions is 1800 m. For
the reason that the aircraft-derived AOD is the layer AOD of the
height range measured by the aircraft, while the MODIS AOD is
the total AOD of the whole atmosphere, here a stricter criterion
is applied to reduce the systematic error of integrating in the
AOD calculation, ensuring that the selected profiles cover most
of the extinction of the whole aerosol layer. The aircraft-derived
AOD and the MODIS-derived AOD need to be colocated in both
space and time, so that they could be compared with each other.
To compare with aircraft-derived AOD, we calculated the aver-
age value of MODIS AOD data points obtained within 15 km in
radius from the average location of each aircraft profile and at
the same time within ±1.5 h from the average time of aircraft
profile. The comparison results are shown in Fig. 9. The line of
regression (solid black line) is y = 0.996x + 0.107, with 37 data
points in total, correlation coefficient of 0.837 and rms of 0.45.
The three dashed lines in the figure represent the 1:1 line (the
middle one), y = 0.05 + 1.2x (the upper one) and y = −0.05 +
0.8x (the lower one). About 50% of the points are within the
error range of MODIS estimated by NASA (Chu et al., 2003).
Outside this range, the aircraft-derived AOD values of 5 points
(14%) are lower than that derived from MODIS, whereas the
values of 13 points (35%) are higher than that derived from
MODIS. Considering that our flight areas are located at the joint
between the polluted urban area and the relatively clean moun-
tain area (as shown in Fig. 1), the spatial inhomogeneous of
aerosol could partly response for the differences between the
AOD derived from aircraft and MODIS. Temporal variation of
aerosol distribution is another possible factor contributing to the
differences. If stricter criteria of space and time applied for the
colocation of aircraft-derived AOD and MODIS-derived AOD,

the correlation coefficient would be higher and the rms would be
lower, but the number of matched data points would be less, too.
This comparison study indicates that the AOD derived from the
airborne PCASP number size distribution is basically consistent
with the MODIS AOD product. And it indirectly indicates that
the calculation of extinction profiles is reasonable.

4.3. Impacts of the aerosol vertical distributions on the
aerosol optical properties

From the previous discussions we can see that different factors,
such as surface level number concentration (N0), type of Na pro-
file (Na_type), type of Re profile (Re_type) and the PBL height
(HPBL) can describe different aerosol vertical distributions and
produce different extinction profiles and different AOD values.
In the actual atmosphere, the extinction profiles and AOD are
under the influence of various factors including those we al-
ready stated. In order to estimate the impact of each factor on
the aerosol optical properties, eight scenarios of aerosol vertical
distributions were designed and classified based on the previous
analysis. The design scheme is described in Table 2. In S1, S2 and
S3, we assumed that Na decreases exponentially (see eq. 8) with
the same scale height (Hp) of 1419 m (derived from average Na

profile) and with different surface level number concentrations
(N0) of 6612 cm−3 (average surface level number concentration),

Table 2. Surface level number concentration (N0), types of Na profiles
(Na_type), PBL height (HPBL) and the types of Re profiles (Re_type)
set in the designed scenarios

Group Case no. N0 (cm−3) Na_typea HPBL (m) Re_typeb

Group 1 Case 1 6612 Average – Re_type A
Case 2 12000 Average – Re_type A
Case 3 1500 Average – Re_type A

Group 2 Case 1 6612 Average – Re_type A
Case 4 6612 Na_type B – Re_type A
Case 5 6612 Na_type A 1000 Re_type A

Group 3 Case 5 6612 Na_type A 1000 Re_type A
Case 6 6612 Na_type A 1500 Re_type A
Case 7 6612 Na_type A 500 Re_type A

Group 4 Case 1 6612 Average – Re_type A
Case 8 6612 Average – Re_type B

aNa_type refers to the types of vertical profiles of aerosol number
concentration (Na); scenarios of Average, Na_type A and Na_type B
employ the empirical equations (see eqs 8 and 9) with values assigned
according to all observed profiles, the Na_type A profiles and the
Na_type B profiles, respectively.
bRe_type refers to the types of vertical profiles of aerosol effective
radius (Re). Re_type A employ the average normalized PNSD derived
from all observed Re_type A profiles, which is uniform with altitude;
while Re_type B applies the height-resolved average normalized PNSD
derived from the observed Re_type B profiles.
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12 000 cm−3 (high surface level number concentration case) and
1500 cm−3 (low surface level number concentration case), re-
spectively. In S4, we assumed that Na decreases exponentially
(see eq. 8) with the scale height (Hp) of 758 m (derived from
the Na_type B case) and the surface level number concentra-
tions (N0) of 6612 cm−3 (average of all profiles). This scenario
represents a typical case of Na_type B. Similarly, S5 assumed a
same average level N0 as S4, with different vertical distribution
function of Na (eq. 9), representing a typical case of Na_type A.
S6 and S7 assumed same values for all parameters with S5, ex-
cept for the height of PBL of 500 and 1500 m, representing low
PBL case and high PBL case of Na_type A, respectively. In all
of these scenarios except S8, a uniform size distribution derived
from Re_type A profiles was applied, representing the dominant
aerosol pollutants are from the local or regional sources. S8 ap-
plied a size distribution profile derived from Re_type B, with Na

of 6612 cm−3 and Hp of 1419 m, representing cases influenced
by the long-range transport of dusts.

The groupings of these scenarios are also showed in
Table 2. Group 1 scenarios (S1, S2 and S3) were designed to
test the impact of surface level number concentration on the op-
tical properties; group 2 scenarios (S1, S4 and S5) were chosen
to show the impact of different shapes of Na profile; group 3
scenarios (S5, S6 and S7) with different PBL heights under the
well mixing PBL with elevated inversion layer condition were
designed to estimate the impact of the PBL height; different
vertical distributions of PNSD (associated to Re_type A and
Re_type B, respectively) were applied in group 4 scenarios (S1
and S8), in order to assess their impact on the aerosol optical
properties.

kex, as a function of altitude at the wavelength of 0.55 μm,
was estimated by Mie scattering theory for the eight scenarios
mentioned above, as shown in Fig. 10. The results indicate that,
different vertical distributions of Na and PNSD produce different
vertical distributions of kex. Comparing group 1 scenarios (S1, S2
and S3) we can see that the surface level number concentration is
a main factor dominates the aerosol extinction profile; group 2
and group 3 scenarios (S1, S4, S5, S6 and S7) indicate that
different heights and structures of PBL can produce different
extinction profiles even the aerosol properties at surface level
are similar; group 4 scenarios (S1 and S8) show that the long-
range transport of mineral dusts can alter the aerosol extinction
profile significantly.

Subsequently, the AOD at 0.55 μm wavelength of the eight
scenarios were calculated by vertically integrating the extinction
coefficient profiles, as shown in Fig. 11a. The relative impact of
each factor of N0, Re_type, Na_type and HPBL on the calculated
AOD was also quantified. The results are shown in Fig. 11b.
It can be seen that the AOD under clean (S3) and heavily pol-
luted (S2) surface level pollution conditions can change greatly
(±80%) compared with that of the average level scenario S1.
The big difference between the scenario with highest AOD (S2)
and that with lowest AOD (S3) is attributed to the difference of
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Fig. 10. Vertical profiles of extinction coefficient (kex) estimated by
Mie theory for different scenarios designed in Table 2. See Table 2 for
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defined in Table 2 estimated by Mie theory. (b) The relative impacts of
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(Na_type) on AOD calculations.

surface level number concentrations, suggesting that the local
or regional generated fine particles play an important role in de-
termining the AOD values. Compared with the local/regional
aerosol dominant scenario (S1), the scenario of long-range
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transport of mineral dusts can also produce significantly higher
AOD (about +75%). The higher PBL height scenario (S6) also
produces high AOD value (about 30% higher than the medium
PBL height scenario S5), indicating that the PBL height is im-
portant in calculating the values of AOD. Different types of Na

profile (S4 and S5) determined by different PBL structures can
also influence the AOD value significantly (−40% to +20%,
compared to the average Na profile scenario S1).

5. Conclusions

The measurements of vertical profiles of aerosol number concen-
tration, effective radius and size distribution have been carried
out using airborne PCASP instrument over the Beijing region.
The overall characterization of aerosol vertical distributions has
been presented using 152 vertical profile data derived from 105
flights.

Analysis of aerosol number concentration shows that the
aerosol pollution is heavy in this region. The mean surface level
number concentration in the diameter range of 0.12–3.0 μm is
about 6600 cm−3, and the mean vertical profile approximately
satisfied an exponential decline function with a scale height of
about 1419 m. Different Na profiles were classified and pre-
sented, and the corresponding temperature profiles were also
analysed to show the different structures of PBL. The structure
of PBL is a crucial factor in determining the vertical distribu-
tions of number concentration. When the PBL is well mixed
with an elevated inversion layer on the top, the aerosol number
concentration is uniform within the PBL and declines rapidly
above the inversion layer. This type of Na profiles can be well
described by a piecewise function. When the near-surface layer
is relatively stable, the Na decreases from the surface level with
altitude increasing. An exponential decline function with scale
height of 758 m is suggested to depict this type of Na profiles.

The Re profiles dominated by the local or regional pollution
and those influenced by the long-range transport of mineral dusts
were presented. In most of our observations, effective radii are
not sensitive to altitude, and the values are small, within a nar-
row range between 0.16 and 0.28 μm, with mean value of about
0.22 μm. Their normalized PNSDs are similar at different alti-
tudes, correspondingly. These cases were dominated by the local
or regional anthropogenic aerosol pollutions. In contrast, several
flights of our observations in the springtime suggested that the
aerosol size distribution in the FT was significantly altered by the
long-range transport of mineral dusts. Backward trajectory anal-
ysis suggests that the large-size particles were generally from
the arid areas to the west of Beijing.

The extinction profiles and subsequently the AOD were esti-
mated using Mie theory. An exponential decline equation with
surface level extinction coefficient of 0.00088 m−1 and scale
height of 1601 m was suggested to depict the average profile
of extinction coefficient. The comparison study indicates that
the calculated AOD derived from the airborne PCASP number

size distribution are generally consistent with the satellite-borne
MODIS AOD. The Impacts on aerosol optical properties of sev-
eral factors, which relate to the aerosol vertical distributions were
estimated and discussed. Eight scenarios were defined to quan-
tify the sensitivity of each factor on the AOD calculation. The
surface level number concentration was found to be a main factor
which greatly alters the value of AOD (about ±80% compared
to the average value); besides, the AOD values are also sensi-
tive to the structure of PBL as well as the height of PBL (each
factor could alter AOD about ±30%); when the PNSD influ-
enced by the long-range transport of mineral dusts is applied in
the calculation, the AOD value will significantly increase (about
75%) compared with that using the PNSD without influences of
dusts.
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