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� High frequency of high RH (>80%) profiles within the mixed layer during daytime.
� Aerosol optical properties highly depend on RH profiles due to aerosol water uptake.
� Aerosol hygroscopicity contributes to direct aerosol radiative effect significantly.
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a b s t r a c t

In this paper, relative humidity (RH) profiles and their impacts on the vertical variations of aerosol optical
properties and the direct aerosol radiative effect (DARE) have been investigated based on surface
measurements from the Haze in China campaign and sounding data from the North China Plain. Among
the profiles obtained from July to September in 2008, about half have RHs greater than 80% within the
mixed layer. The vertical variations in the aerosol optical properties at ambient RH, including the
extinction coefficient (sext), single scattering albedo (SSA) and asymmetry factor (g), are remarkably
different from the variations in the dry aerosols and are highly dependent on the RH profiles. Increases of
the aerosol optical depth and column-averaged SSA and g due to aerosol water uptake can reach up to
64%, 0.052 and 0.079, respectively. The fractional contribution to the instantaneous DARE at the top of
the atmosphere due to aerosol hygroscopic growth reaches 60% in high RH profiles. DARE estimates can
be significantly biased if the RH dependence of SSA or g is not considered. We suggest that if their vertical
profiles or column-averaged values are absent, then the ambient values of SSA and g at the surface
should be used rather than the values of SSA and g obtained from dry aerosols when estimating DAREs.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Tropospheric aerosols affect the energy balance on the Earth by
directly scattering and absorbing solar radiation and indirectly
changing the properties and lifespans of clouds (Boucher et al.,
2013). The changes in irradiance due to the interaction of aerosol
and radiation are commonly described in terms of the direct
aerosol radiative effect (DARE), and their estimates remain largely
uncertain (Boucher et al., 2013). These uncertainties are mainly
caused by the high temporal, spatial and compositional variability
of aerosols as well as RH fields and an incomplete understanding of
related, integral aerosol optical properties.
Because many components of aerosol particles are hygroscopic,
the particles can take up water and change in size depending on
their chemical composition and the ambient relative humidity
(RH). Hygroscopic growth becomes particularly important when
the RH is greater than 60% and water often comprises more than
50% of the fine particle mass when the RH exceeds 70e80% (Bian
et al., 2014; McMurry, 2000). Therefore, RH is an important
parameter that governs the optical properties of aerosols and DARE.
Previously, numerous studies have investigated the dependence of
aerosol optical properties on RH by considering the aerosol scat-
tering coefficient (ssp) (Zieger et al., 2013), single scattering albedo
(SSA) (Tao et al., 2014; Yoon and Kim, 2006), hemispheric scattering
coefficient (Titos et al., 2014) and asymmetry factor (g) (Yoon and
Kim, 2006). However, these studies were mainly based on surface
measurements and only considered the RH at the surface.

Few studies have investigated the influence of RH profiles on the
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columnar aerosol optical properties generally used to estimate the
DARE at the top of the atmosphere (TOA) and at the surface. Using
meteorological and aerosol measurements obtained aboard an
aircraft, Yoon and Kim (2006) presented RH and ssp profiles under
ambient and low RH conditions and demonstrated that ssp is
significantly enhanced at ambient RH conditions relative to dry
conditions. However, in that study, the vertical characteristics of RH
and the influences of RH profiles on the aerosol optical depth
(AOD), column-averaged SSA and g were not analyzed. Using RH
measurements and a system of two nephelometers operated in
parallel aboard an aircraft, Shinozuka et al. (2007) investigated the
influences of RH profiles on ambient AOD and found that the
fraction of ambient AOD due to water uptake was 37 ± 15% (average
and standard deviation). Observationally based sensitivity studies
conducted by Brock et al. (2016) indicate that the relationship be-
tween AOD and dry aerosol mass can be highly variable but is
especially sensitive to RH. However, the influences of the RH pro-
files on SSA and g were not investigated.

A few researchers have studied the influence of RH on estimates
of DARE. The results of Hignett et al. (1999) revealed that at a RH of
80% the DARE at the TOAwas roughly twice that of the dry aerosols.
Im et al. (2001) found that the average ratios between the DARE at
the TOA when the RH was 80% and 30% were nearly constant at
1.45 ± 0.01 for three different types of air masses, including
polluted continental air, marine air and continental air. Several
other studies bases on field measurements also investigated the
influence of RH on DARE by assuming that the RH was constant
across the aerosol layer (Yoon and Kim, 2006).

In summary, the real influence of variation of RH in the vertical
on the local and column integral optical properties of aerosols and
the DARE are not well understood. The cooling effect of atmo-
spheric aerosols is amplified by their hygroscopic growth and the
degree of amplification varies in time and space (Cheng et al., 2008;
Yoon and Kim, 2006). For some areas where highly absorbing
aerosols prevail, the hygroscopic behavior of aerosols will largely
enhance the light scattering abilities of the aerosols and may result
in the transition of the DARE from warming to cooling at the TOA
(Cheng et al., 2008; Titos et al., 2014), which is very important when
studying the regional climate effects induced by anthropogenic
aerosols. Therefore, the effects of RH profiles on the vertical
structures of aerosol optical properties should be addressed to
better understand the influences of RH profiles on AOD, column-
averaged SSA, g and estimates of DARE.

In this study, the vertical RH characteristics are addressed, and
several typical types of RH profiles are described based on radio-
sonde measurements taken in Beijing in 2008. Based on aerosol
observations from a representative background site on the North
China Plain (NCP) and the aforementioned typical RH profiles, a
numerical study was conducted to investigate the influences of RH
profiles on the vertical structures of aerosol optical properties and
DARE at the TOA and at the surface.

The vertical profile measurements of RH and other relevant
parameters and the corresponding analytical methods are briefly
described in Sect. 2.1. The aerosol optical properties throughout the
profile were calculated using Mie theory, and the corresponding
assumptions are described and discussed in Sect. 2.2. The radiative
transfer calculation is presented in Sect. 2.3. The results of the study
and discussions are presented in Sect. 3, and the conclusions of the
study are presented in Sect. 4.

2. Data and methods

2.1. Vertical RH profiles

The profiles of the meteorological parameters (including
atmospheric pressure, temperature, RH, wind speed and wind di-
rection) were observed intensively using a GTS1 (Bian et al., 2011)
digital radiosonde from July to September in 2008 at the meteo-
rological bureau of Beijing (39�480N,116�280E). The elevation of this
site is 33 m, and the obtained profiles have a vertical resolution of
10 m. During this intensive observation period, balloon soundings
were performed four times per day at the local times of 01:30,
07:30, 13:30 and 19:30. Because direct interactions between aero-
sols and solar shortwave radiation only occur during the daytime,
only the profiles obtained at the local time of 13:30 were used to
analyze the vertical characteristics of RH. In total, 81 profiles are
available.

At the local time of 13:30, especially in the summer, due to
extensive turbulent mixing, the concentrations of water vapor and
other pollutants remain reasonably steady within the layer whose
vertical thickness is referred to as the mixed layer height (MH). In
this study, only profiles that exhibit well-mixed vertical structures
are considered when analyzing the vertical characteristics of RH.
Similar to the method described by Srivastava et al. (2010), the
virtual potential temperature (qv) and specific humidity (q) were
used together to quantitatively estimate the MH. In addition, the
top of themixed layer was identified as the height at which the first
significant inversions in the qv and q profiles are evident. With the
parameters of the observed profiles, qv and q can be calculated
using the following equations:

qv ¼ qð1þ 0:61rÞ (1)

q ¼ 0:623e=ðp� 0:377eÞ (2)

where q is the potential temperature (K), r is the mixing ratio (kg/
kg) of water vapor, p is the ambient pressure (mbar), and e is water
vapor pressure (mbar) of the air parcel.

Based on this method for estimating MH, 56 profiles (approxi-
mately 70% of all the profiles) exhibited distinct boundary layer
mixing structures. The MH values of these 56 profiles were deter-
mined. To investigate the vertical structures of RH and other pa-
rameters, the evolution of the MH should be considered
statistically. According to the method described by Ferrero et al.
(2014), vertical profiles with different MH values can be averaged
by considering the position of each measured data point relative to
the MH. Thus, the vertical profiles were first normalized by intro-
ducing a standardized height (Hs), which was calculated as follows:

Hs ¼ z�MH
MH

(3)

where z is the height above the ground and Hs is 0 at the MH
and �1 at ground level. Then, the vertical profiles were averaged to
understand the vertical structures of the corresponding
parameters.
2.2. Aerosol optical property calculations and corresponding
assumptions

To calculate sext, SSA and g of the aerosol particles along the
vertical profiles using the Mie code (Bohren and Huffman, 2008),
data on the vertical aerosol particle number size distribution
(PNSD), chemical composition, hygroscopicity, mixing state and RH
are needed. Four types of RH profiles corresponding to different
degrees of humidity were used to calculate sext, SSA and g. During
the first period of the Haze in China (HaChi) campaign (from July 12
to August 14 in 2009), the optical, chemical, and hygroscopic
properties and the size distributions of the aerosols were observed
at the Wuqing meteorological station. Wuqing is located in the



Y. Kuang et al. / Atmospheric Environment 147 (2016) 224e233226
heart of the plain region, and the distance between Wuqing and
downtown Beijing is approximately 80 km. Wuqing is highly
representative of the polluted NCP region (Xu et al., 2011). Thus, the
vertical PNSD, aerosol hygroscopicity, mass concentration and
mixing state of black carbon (BC) used in this study were assumed
based on surface measurements from the HaChi campaign (Ma
et al., 2012a) or by a type of parameterization scheme. The corre-
sponding assumptions and parameterization schemes are
described and discussed below.

Liu et al. (2009) observed the vertical distributions of aerosols
by conducting an aircraft study over Beijing where RH profile ob-
servations were conducted. Their results demonstrated that the
aerosol particle number concentration (Na) was relatively uniform
within the mixed layer and declined rapidly above the inversion
layer. A parameterization scheme was provided in their research
and has been adopted in this study to describe the vertical varia-
tions in Na. This scheme requires three parameters termed HPBL, HLD

and N0. HPBL is the height of the planetary boundary layer and is
determined from the gradient of Na. The results of Ferrero et al.
(2014) indicated that the MH or HPBL retrieved from the profiles
of Na, temperature and RH agree very well with each other. Thus,
the MH retrieved from the profiles of qv and q in this study was
substituted for HPBL needed in the scheme. HLD is the thickness of a
transition layer known as the linear decrease layer and was re-
ported to be equal to 200 m by Liu et al. (2009). Because the MH
retrieved in this study mainly varied from 700 m to 2000 m (see
Sect. 3.1), which is similar to the range of HPBL in Liu et al. (2009),
theHLD in this researchwas also set to 200m.N0 is the value ofNa at
the surface and in this study is set to 12,500 cm�3, which is the
average value of Na at the local time of 13:30 measured during the
HaChi campaign. During the HaChi campaign, the PNSD at dry state
ranging from 3 nm to 10 mm was observed jointly by an Aero-
dynamic Particle Sizer (APS, TSI Inc., Model 3321) and a Twin Dif-
ferential Mobility Particle Sizer (TDMPS, Leibniz-Institute for
Tropospheric Research (IfT), Germany; Birmili et al. (1999)) with a
temporal resolution of 10 min, and Na can be calculated through
measured PNSD. The normalized PNSD (nPNSD) is defined using
the following equation:

f ðlog DiÞ ¼
Ni=Dlog DiP

iNi
¼ Ni=Dlog Di

Na
(4)

whereDi (nm) is the diameter of the aerosol particle in the ith bin, Ni

is the particle number concentrations in the ith bin, and
Dlog Di ¼ log Dupper

i � log Dlower
i , where Dupper

i and Dlower
i refer to

the upper and lower bounds of the ith bin, respectively. The results
of Liu et al. (2009) indicated that the nPNSD at dry state in the
profiles during periods of no dust have similar shapes at different
altitudes. In addition, the results of Ferrero et al. (2010) indicated
that the mean diameter and volume concentrations of fine particles
vary little within the well mixed boundary layer. Therefore, it was
assumed that the nPNSD at dry state does not vary with height;
thus, the average nPNSD at dry state from the HaChi campaign at
the local time of 13:30 was used.

Although several BC measurements have been reported over
regions in Asia and Europe and over some oceans, BC profiles are
globally scarce compared with ground-level data (Ferrero et al.,
2014). The observational constraints on the vertical distribution
of BC are poor, particularly in the NCP. Consequently, no available
parameterization schemes for the vertical distribution of BC exist.
However, the results of Ferrero et al. (2011) indicated that the total
number of aerosol particles and the mass concentration of BC (MBC)
were impacted in the sameway by vertical mixing and thatmost BC
lies within the MH. In addition, the MBC was often observed to
behave similarly to Na with altitude (Ferrero et al., 2011; 2014).
Furthermore, the refractory BC concentrations remained relatively
constant throughout the mixed layer in all of the profiles presented
by McMeeking et al. (2011). Recently, results of Ran et al. (2016)
demonstrated that concentrations of BC remained relatively con-
stant throughout the mixed layer and decreased significantly above
the mixed layer during summer on the NCP. Hence, in this research,
MBC was assumed to be constant within the MH and to decrease
with altitude in the same way as the vertical parameterization
scheme used for Na. To achieve this, the ratio between MBC and Na

was assumed to be constant in the vertical direction, that is,
MBC(z) ¼ Na(z) � MBC(surface)/N0, where MBC(z)/MBC(surface) and
Na(z)/N0 areMBC and Na at altitude z/surface. TheMBC at the surface
was obtained from surface measurements during the HaChi
campaign, and the average MBC at the local time of 13:30 (i.e.,
4752 ng/m3) was used. During the HaChi campaign, the absorption
coefficient at 637 nmwasmeasured using aMulti-angle Absorption
Photometer (MAAP Model 5012, Thermo, Inc., Waltham, MA USA)
with a temporal resolution of 1 min, and further transformed into
black carbon (BC) mass concentrations with a constant mass ab-
sorption efficiency (MAE) of 6.6 m2 g�1.

Regarding the mixing state of BC with height, few studies have
reported the aging of BC along vertical profiles (McMeeking et al.,
2011; Moteki et al., 2007). Particularly in the NCP, no observations
have been reported regarding the vertical evolution of the mixing
state of BC. The results of McMeeking et al. (2011) showed that the
number fraction of “thickly coated” refractory BC particles remains
nearly constant within the boundary layer and then increases
above the boundary layer. Therefore, the BC mixing state varies
little within the mixed layer under well-mixed conditions and as a
result of aging processes becomes more internal above the MH.
Additionally, in terms of the parameterization scheme of Na used in
this paper, the aerosol particles are mainly located within the
mixed layer. Therefore, we assumed that the mixing state of BC did
not vary with height in this study. The results of Ma et al. (2012a)
demonstrated that, during the HaChi campaign period, it is
appropriate to assume that both externally mixed and core-shell
mixed BC particles exist and to perform aerosol optical calcula-
tions accordingly. The mixing state of BC for ambient aerosols is
described by the ratio between the mass of the externally mixed BC
and the total BC as follows:

rext�BC ¼ Mext�BC

MBC
(5)

whereMext�BC is the mass concentration of the externally mixed BC
and MBC is the total mass concentration of BC. A high-resolution
time series of rext�BC was also provided in Ma et al. (2012a), and
its average at the local time of 13:30 (a value of 0.45) was used as
the mixing state of BC in this study, and this ratio remains constant
at different altitudes. The mass size distribution of BC used to
retrieve the mixing state in Ma et al. (2012a) was also used in this
research.

With regard to aerosol hygroscopicity. The average size-resolved
hygroscopicity parameter k (Petters and Kreidenweis, 2007)
introduced in Chen et al. (2012) is used to account for aerosol hy-
groscopic growth in this study. Hygroscopic parameter k in
research of Chen et al. (2012) was derived from the ground mea-
surements of aerosol hygroscopic growth factor during the HaChi
campaign and aerosol hygroscopic growth factor is obtained using a
High Humidity Tandem Differential Mobility Analyzer. Further-
more, due to above assumptions associated with aerosol properties
are based on the boundary layer is well mixed, thus, the used size-
resolved k is also assumed constant at different altitudes.

By combining the vertical information of the PNSD, the mass
concentration and mixing state of BC, the aerosol particle
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hygroscopicity, and the RH profiles introduced above, the vertical
profiles of the aerosol optical properties can be calculated using
Mie theory. Details regarding these calculations can be found in
Kuang et al. (2015).

The AOD at 550 nm was calculated by using the following
formula:

AOD ¼
Z10km

0

sextðzÞdz (6)

where sext(z) is the extinction coefficient at 550 nm at altitude z.
SSA and g are usually held constant with altitude when esti-

mating the DARE (Myhre, 2009). In addition, the column-averaged
values of SSA and g retrieved from ground-based sun-sky radiom-
eters are widely used, although they both have distinct vertical
structures. For every profile, the column-averaged SSA was calcu-
lated using the following formula (Schafer et al., 2014):

SSAcolumn�averaged ¼

Z 10km

0
sextðzÞ � SSAðzÞdz

AOD
(7)

where sext(z) and SSA(z) are the extinction coefficient and SSA at an
altitude of z, respectively, and the column-averaged value of g was
calculated in the same way.
2.3. Estimating the DARE

Aerosol scattering and absorption of solar radiation can modify
the energy balance of Earth-atmosphere systems. The DARE can be
estimated using radiative transfer model (RTM) simulations. In this
study, the Santa Barbara DISORT (discrete ordinates radiative
transfer) Atmospheric Radiative Transfer (SBDART) model
(Ricchiazzi et al., 1998) is used to estimate the DARE, and RTM
simulations are performed for cloud-free conditions.

The instantaneous DARE was quantified either at the TOA or at
the surface as the change in the net radiative flux between atmo-
spheric conditions with and without the aerosols in the atmo-
sphere as follows:

F ¼ ðfaY� fa[Þ � ðf0Y� f0[Þ (8)

where F is the DARE; f denotes the downward/upward irradiance,
which spans the wavelength range of 0.25e4 mm; and (fY�f[)
denotes the net irradiance computed with a given aerosol, fa, or
without aerosols, f0, at the TOA or surface.

In this study, because the RH profiles observed at the local time
of 13:30 are used, only the instantaneous DARE at this time is
evaluated. Three types of inputs are used in the SBDART simula-
tions: (1) the aerosol optical properties in vertical profiles, (2) the
atmospheric gas andmeteorological parameter profiles, and (3) the
surface albedo. The vertical profiles of the aerosol optical properties
included the profiles of sext, SSA and g were calculated at four
wavelengths (470 nm, 550 nm, 860 nm and 1240 nm) with a height
resolution of 50 m. The required vertical profiles of water vapor,
pressure and temperature are obtained from radiosonde observa-
tions. The vertical contents of other atmospheric gases provided by
SBDART are used in the simulations. The surface albedo values used
in the simulations are obtained from the Moderate Resolution
Imaging Spectroradiometer (MODIS) V005 climate modeling grid
(CMG) Albedo Product (MCD43C3) from August 1, 2009 at Wuqing,
where the HaChi campaign was conducted.
3. Results and discussion

From the RH profiles observed in Beijing, the vertical structures
of the RH profiles in the NCP are characterized. The roles of the RH
profiles in the vertical structures of the aerosol optical properties
and the estimation of DARE are carefully analyzed.

3.1. The vertical characteristics of RH

One radiosonde profile was available per day at the local time of
13:30 from July to September, resulting in 81 available profiles.
Among these profiles, 56 (approximately 70%) have a distinct
mixed layer structure. The vertical profiles of q, temperature and
RH were normalized using the methods introduced in Sect. 2.1 and
are shown in Fig. 1. The q values were generally uniformwithin the
mixed layer, with an average of 10 g/kg at the surface, indicating
that the water vapor content is well mixed due to the strong tur-
bulence in the mixed layer. The water vapor concentration
decreased sharply above the MH. The temperature profiles are
shown in Fig. 1. The average vertical temperature profile clearly
indicates that an elevated inversion layer exists at the top of the
MH, which limits the vertical diffusion of water vapor from the
mixed layer to the free troposphere. The average RH profile dem-
onstrates that the RH at the surface (SRH) is relatively low
(approximately 40%) and increases with altitude in the mixed layer.

The MH retrieved from all well-mixed profiles is shown in Fig. 2
and mainly ranges from 700 m to 2000 m, with an average value of
approximately 1500 m. The maximum RH within the mixed layer,
which is referred to as MRH hereafter, is not obviously correlated
with the MH. The frequency distribution of MRH is analyzed to
better understand the distribution of humidity in the profiles, as
shown in Fig. 3. More than 80% of the investigated profiles have
MRHs greater than 60%, and approximately 52% of the investigated
profiles have MRHs greater than 80%. The profiles with MRHs
ranging from 80% to 90% account for the largest percentage
(approximately 34%) of the profiles, and profiles with MRHs
ranging from 90% to 100% account for the second largest percent-
age. In contrast, the SRH mainly ranges from 30% to 60%, which
implies that high RH profiles prevail during the summer on the NCP,
even when the RH at the surface is relatively low.

To analyze the vertical characteristics of the profiles with
different levels of RH profiles, the profiles are classified into four
groups (1e4) consisting of the following MRH ranges: 60%e70%,
70%e80%, 80%e90% and 90%e95%. Here, we define profiles with
MRHs greater than 80% as highly humid profiles (groups 3 and 4)
and profiles with MRHs greater than 60% but less than 80% as hu-
mid profiles (groups 1 and 2). The average vertical q and RH
structures of the four groups are shown in Fig. 4. The q values of the
highly humid groups are obviously greater than those of the humid
groups, but these values differ very little within the highly humid
and humid groups. Within the same group, the RH has a similar
vertical shape within the MH. Nevertheless, significant differences
are present in the free troposphere. The average SRHs (and the
difference between the MRH and the SRH) for groups 1 through 4
are 37.1% (25.7%), 38.1% (32.1%), 48.8% (33.4%) and 54.1% (36.3%),
respectively. Similar to the q values, the SRH differs greatly between
highly humid and humid groups but differs little within the peer
groups. Generally, the difference between the MRH and the SRH
increases as the MRH increases.

3.2. The roles of RH profiles in the vertical structures of aerosol
optical properties

Four groups of RH profiles are detailed in Sect. 3.1 based on their
MRH ranges, and their corresponding average profiles representing



Fig. 1. The vertical structures of (a) q, (b) temperature minus the temperature at the MH, and (c) RH. The red line marks the position of the MH, the solid black lines represent the
average profile of corresponding profiles, and the bars represent the standard deviations. (For interpretation of the references to colour in this figure legend, the reader is referred to
the web version of this article.)

Fig. 2. The distribution of MH; the x axis represents the MRH of the profiles.
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different levels of RH were used to determine the influences of RH
profiles on aerosol optical properties. The methods used to calcu-
late aerosol optical properties and the required assumptions are
discussed in Sect. 2.2. The average RH profiles of groups 1 to 4 are
referred as P60e70, P70e80, P80e90 and P90e95, and their MRH
values are 62.8%, 70.1%, 82.1% and 90.4%, respectively. The MH was
set as 1500m, which is the average of theMH values retrieved from
all well-mixed profiles. The calculated vertical structures of sext,
SSA and g at 550 nm under dry and ambient conditions for the four
group-average RH profiles are shown in Fig. 5. Under dry conditions
and based on the assumptions introduced before, the value of sext
was held constant within the MH and began to decrease dramati-
cally above theMH. At the surface, the sext at 550 nm is 343.4Mm�1.
The SSA and g under dry conditions remained constant with alti-
tude because it was assumed that the mixing state of BC and the
ratio between MBC and Na do not vary with altitude, and corre-
sponding values of SSA and g at 550 nm are 0.87 and 0.63,
respectively. The profiles of sext, SSA and g corresponding to the
four group-averaged RH profiles were remarkably different from
the profiles of the dry state aerosols and were highly dependent on
the RH profiles. Within the mixed layer, the sext, SSA and g of the
ambient aerosols were lowest at the surface and gradually
increased to maximum values near the top of the mixed layer. The
differences between the maximum and minimum sext/SSA/g at
550 nm within the MH for P60e70, P70e80, P80e90 and P90e95
were 71.4/0.019/0.030, 115.1/0.027/0.042, 242.2/0.041/0.061 and
539.6/0.059/0.088, respectively (sext is presented in units of Mm�1).
These results demonstrate that although the RH is relatively low at
the surface, the aerosol optical properties becomemore sensitive to
RH as the RH increases. Thus, the change in RH with altitude



Fig. 3. The frequency distribution of the MRH. This result indicates that high RH profiles are prevalent during the summer on the NCP.

Fig. 4. The vertical structures of q and RH correspond to four groups of profiles from left to right. Within each group, the RH shows similar patterns within the mixed layer and
significant differences in the free troposphere.
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Fig. 5. The vertical structures of sext, SSA and g at 550 nm under dry conditions and different RH profiles. These results demonstrate that the vertical variations in ambient aerosol
optical properties are markedly different from those of dry aerosols and are highly dependent on the RH profiles.

Fig. 6. The variations in the AOD at 550 nm under dry and different ambient RH
conditions with different MH values and the relative differences between the AODs
associated with different RH profiles compared to the AODs of dry-state aerosols.

Table 1
Relative increases of AOD and absolute increases of SSA and g due to aerosol hy-
groscopic growth: mean ± standard deviation.

AOD (%) SSA g

P60e70 17.8 ± 0.8 0.021 ± 0.001 0.032 ± 0.001
P70e80 21.8 ± 1.4 0.024 ± 0.001 0.038 ± 0.002
P80e90 39.4 ± 2.7 0.038 ± 0.002 0.059 ± 0.003
P90e95 63.8 ± 4.9 0.052 ± 0.002 0.079 ± 0.004
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significantly impacts the aerosol optical properties. These results
indicate that RH profiles play an important role in the vertical
structures of aerosol optical properties, particularly in very humid
profiles, which are prevalent during the summer on the NCP.

AOD is widely used in current observation-based methods for
estimating DARE (Myhre, 2009). When considering climate, it is
important to quantitatively evaluate the impacts of RH profiles on
AODs, which are rarely investigated. The previously mentioned
P60e70, P70e80, P80e90 and P90e95, with MHs ranging from
700 m to 2000 m, were used to calculate the AOD according to the
methods and assumptions introduced in Sect. 2.2. The corre-
sponding results are shown in Fig. 6 and demonstrate that the
ambient AOD is largely enhanced by ambient RH, with AOD in-
creases of 17.8% (±0.8%), 21.8% (±1.4%), 39.4% (±2.7%) and 63.8%
(±4.9%) due to aerosol water uptake under P60e70, P70e80,
P80e90 and P90e95 conditions, respectively (also shown in
Table 1). This result indicates that aerosol hygroscopic growth ex-
erts a non-negligible influence on ambient AOD. The average AODs
for P60e70, P70e80, P80e90 and P90e95 are 0.81, 0.84, 0.96 and
1.13, respectively. They are close to the average AOD values (0.9e1.3
for months from June to September) at Beijing (Xia et al., 2007)
which are measured by ground-based sunphotometers from
Aerosol Robotic Network (AERONET) (Holben et al., 2006). More-
over, for highly humid profiles that are prevalent during the sum-
mer on the NCP, RH is very important for determining ambient
AOD. The differences between ambient and dry conditions slightly
increase as the MH increases and the standard deviation of this
difference is small for the same type of RH profile. Thus, the MRH is
more important than the MH for determining the influences of
aerosol hygroscopic growth on ambient AOD.

The column-averaged SSA and g retrieved from ground-based
sunphotometers in the Aerosol Robotic Network (AERONET) and
other platforms are widely used in measurement-based methods
for estimating the DARE (Arola et al., 2013; Kassianov et al., 2013;
Myhre, 2009). Therefore, the influences of different RH profiles
on column-averaged SSA and g are also investigated. The average
values of column-averaged SSA/g at 550 nm for P60e70, P70e80,
P80e90, and P90e95 are 0.891/0.658, 0.895/0.663, 0.909/0.684 and



Table 2
Cases for quantitatively understanding the influence of RH profiles on DARE esti-
mations. In this table, ‘dry’/‘ambient’ indicates that the aerosol optical properties
obtained under dry/ambient conditions were used, and ‘surface’ indicates that the
surface ambient value was used for the vertical profile.

Case 1 Case 2 Case 3 Case 4 Case 5

sext Ambient Dry Ambient Ambient Ambient
SSA Ambient Dry Dry Ambient Surface
g Ambient Dry Dry Dry Surface
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0.923/0.705, respectively. They are also close to the average values
of SSA and g measured at Beijing from June to September which are
retrieved from AERONET measurements (Xia et al., 2007). The
average increments of column-averaged SSA/g at 550 nm due to
aerosol hygroscopic growth for P60e70, P70e80, P80e90, and
P90e95 are 0.021/0.032, 0.024/0.038, 0.038/0.059, and 0.052/
0.079, respectively (averages and standard deviations are also
shown in Table 1). These results demonstrate that aerosol hygro-
scopic growth has significant influences on column-averaged SSA
and g, especially for highly humid RH profiles.
3.3. The influence of RH profiles on DARE estimations

As mentioned in the introduction, the influences of RH profiles
on estimating DARE have rarely been investigated. Instead, it is
generally assumed that the RH is constant across the aerosol layer.
Four typical RH profiles representing humid and highly humid
profiles are introduced in Sect. 3.1. The impacts of these RH profiles
Fig. 7. The DARE at the TOA and the surface for the different cases shown in Table 1. Th
dependence of SSA or g is not considered.
on the vertical structures of the aerosol optical properties are
analyzed in Sect. 3.2. Overall, the results indicate that the uptake of
water by aerosols may have non-negligible or significant impacts
on the AOD, column-averaged SSA and g. Therefore, the five cases
which are listed in Table 2 are designed to quantitatively under-
stand the influences of different RH profiles on DARE estimates.
Among these cases, Case 1 is designated as the standard case
because all of the aerosol optical properties in this case are calcu-
lated at ambient RH conditions. By using the “dry” aerosol state, i.e.,
ignoring the dependence of RH on the aerosol optical properties,
Case 2 is designed to show the fractional contribution of aerosol
hygroscopic growth on DARE. In Cases 3 and 4, we similarly
calculated the effect of RH on AOD and SSA. Thus, by comparing the
results of the four cases, the individual contributions of the RH
dependence of AOD, SSA and g on DARE estimations can be sepa-
rated. In addition, during field campaigns, the surface SSA and g
under ambient or dry conditions and the ambient AOD are usually
observed. Furthermore, measurements from such field campaigns
are often used to estimate the regional DARE (Cheng et al., 2008;
Titos et al., 2014; Wendisch et al., 2008). Therefore, Case 5 was
designed and the results of Cases 3 and 5 can be used to analyze the
influences of using surface SSA and g measurements on the esti-
mates of DARE. The results of cases corresponding to highly humid
profiles are shown in Fig. 7, and the relative differences between the
results of Cases 2, 3 and 5 and the standard case are listed in Table 3.
The average instantaneous DARE for Case 1 at the TOA for P60e70,
P70e80, P80e90, and P90e95 are �17.1 W m�2, �18.7 W m�2,
�23.7 W m�2 and �30.1W m�2, respectively. They have the same
magnitude with the daily average DARE results (range from �58.1
ese results demonstrate that estimates of DARE can be significantly biased if the RH



Table 3
Relative differences compared with Case 1: mean ± standard deviation (%).

For the DARE at the TOA For the DARE at the surface

Case 2 Case 3 Case 5 Case 2 Case 3 Case 5

P60e70 �31.3 ± 0.6 �17.1 ± 1.0 �3.3 ± 0.9 �3.3 ± 0.2 13.0 ± 0.2 4.1 ± 0.5
P70e80 �35.6 ± 1.6 �19.6 ± 1.8 �6.0 ± 1.7 �4.2 ± 0.4 15.6 ± 0.5 6.3 ± 0.8
P80e90 �48.4 ± 1.8 �26.3 ± 2.6 �11.3 ± 2.3 �7.7 ± 0.7 26.3 ± 0.6 11.5 ± 1.2
P90e95 �59.7 ± 2.3 �33.3 ± 3.7 �17.8 ± 3.3 �11.4 ± 1.1 38.2 ± 0.8 19.6 ± 1.5
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to 0.1 W m�2) estimated from AERONET measurements at Beijing
(Xia et al., 2007) and daily average direct aerosol radiative forcing
results (less than �10Wm�2) at the NCP which are estimated with
global chemical transport models (Ma et al., 2012b).

The results shown in Fig. 7 reveal that DARE at the TOA and
surface are both enhanced by aerosol hygroscopic growth, espe-
cially the DARE at the TOA. For P90e95, the relative differences
between the results from Cases 2 and 1 listed in Table 3 demon-
strate that the fractional contribution to the instantaneous DARE at
the local time of 13:30 and at the TOA due to aerosol hygroscopic
growth can exceed 50%. Additionally, the fractional contribution to
the DARE at the surface is relatively smaller. To better understand
the different influences of aerosol hygroscopic growth on the DARE
estimates at the TOA and the surface, the separate effects of the
dependencies of the AOD, SSA and g on RH are shown in Fig. 7. The
differences between the results in Cases 2 and 3 demonstrate that if
the RH dependence of the AOD is considered, the DARE at both the
TOA and the surface will be more negative, particularly for DARE at
the surface. If the RH dependence on SSA is additionally considered,
which corresponds to Case 4, the DAREs at the TOA and surface
behave differently in comparison to Case 3. The DARE at the TOA is
strongly affected and is more negative than results of Case 3.
However, for DARE at the surface, which is also significantly
modified but less negative than results of Case 3. This difference
occurs because higher SSAs result in less absorption of incoming
solar radiation by atmospheric aerosols, which allows more solar
radiation to reach the ground. In contrast with Case 4, the RH
dependence of g is also considered in Case 1, and the differences
between the results demonstrate that the increasing g due to
aerosol water uptake results in less negative DAREs at both the TOA
and the surface because higher g values result in more forward
scattering of solar radiation and the absorption of more solar ra-
diation by atmospheric aerosols. In addition, more solar radiation
will reach the ground and be absorbed by the ground surface.
Overall, for DARE at the TOA, increases in the AOD and SSA due to
aerosol water uptake will amplify the cooling effects induced by
atmospheric aerosols, however, the RH dependence of g substan-
tially compensates for these cooling effects. For DARE at the surface,
the amplified cooling effects due to increases in AOD associated
with aerosol water uptake are significantly offset by the RH de-
pendency effects of SSA and g. The results of Cases 1 to 4 demon-
strate that the RH dependencies of AOD, SSA and g all play
significant roles in estimating the DARE and must be considered
together when estimating the influences of RH on the DARE at the
TOA and the surface. Large biases will occur when estimating the
DARE if the RH dependence of SSA or g is not considered. Moreover,
from results of Table 3, it can be seen that the standard deviations of
relative differences of cases are very small for the same RH type,
such as P90e95, these standard deviations are calculated by
changing MH from 700 m to 2000 m. Which means that if stan-
dardized RH profiles are the same, relative contribution of aerosol
water uptake to DARE varies little under different MH conditions.
However, relative contribution of aerosol water uptake to DARE for
RH profiles with different MRH levels differ significantly. Thus, it is
thought that MRH level is more important than the MH in
determining the fractal contribution of DARE associated with
aerosol water uptake.

In addition, the results of Case 3 demonstrate that the estima-
tion of DARE at the TOA and the surface will be significantly biased
when using the SSA and g of dry-state aerosols observed at the
surface. The results of Case 5 demonstrate that, comparedwith Case
3, using the surface SSA and g measurements of ambient aerosols
has less influence on estimating the DARE at the TOA and the sur-
face. However, this influence is not negligible, especially for highly
humid profiles. Therefore, if the ambient vertical structures of SSA
and g or their column-averaged values are absent, the ambient
values of SSA and g at surface should be used. However, caution
should be exercised when using SSA and g values from surface
measurements.

4. Conclusions

From the vertical profiles of the meteorological parameters
observed using radiosonde in Beijing at the local time of 13:30 from
July to September in 2008, the vertical characteristics of RH on the
NCP are characterized. The profiles with MRHs greater than 80%
represent 52% of all the profiles that have distinct mixed layers.
Which demonstrates that high RH profiles are prevalent during the
summer on the NCP. The RH profiles are further coupled with
surface measurements of aerosol properties to study the influences
of RH profiles on aerosol optical properties. The ambient vertical
structures of sext, SSA and g are remarkably different from those of
dry aerosols and are highly dependent on RH profiles. Increases of
the aerosol optical depth and column-averaged SSA and g due to
aerosol water uptake can reach up to 64%, 0.052 and 0.079,
respectively. These results demonstrate that aerosol hygroscopic
growth has significant influences on aerosol optical properties and
RH profiles play significant roles.

Several cases have been designed to quantitatively estimate the
influences of different levels of RH profiles on DARE estimates. The
fractional contribution to the instantaneous DARE at the TOA due to
aerosol hygroscopic growth reaches 60% in high RH profiles. Indi-
vidual effects of the RH dependence of AOD, SSA and g on DARE are
also studied. The calculated results demonstrate that DARE esti-
mates can be significantly biased if the RH dependence of SSA or g is
not considered. The results of designed cases also demonstrate that
large biases occur if surface SSA and g are used to estimate the
DARE at the TOA and surface, particularly for highly humid profiles.
The ambient values of SSA and g at the surface, when used together,
are better than the SSA and g values obtained from dry aerosols for
estimating the DARE at the TOA and the surface. Thus, we suggest
that the ambient values of SSA and g at the surface should be used
rather than the values of SSA and g obtained from dry aerosols
when estimating the DARE in the absence of their vertical profiles
or column-averaged values.
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