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2 

Abstract 29 

To better understand the characteristics of aerosol activation ability and optical properties, a 30 

comprehensive airborne campaign was implemented conducted over the North China Plain (NCP) 31 

from May 8 to June 11, 2016. Vertical profiles of cloud condensation nuclei (CCN) number 32 

concentration (NCCN) and aerosol optical properties were measured simultaneously. Seventy-two-33 

hour air mass back trajectories show that during the campaign the measurement region wais mainly 34 

influenced by air masses in from the northwest and southeast. Air mass sources, temperature 35 

structure, anthropogenic emissions, and terrain distribution are factors influencing NCCN profiles. 36 

CCN spectra suggest that the ability of aerosol to activateion into CCN is stronger in southeasterly 37 

air masses than in northwesterly air masses and stronger in the free atmosphere than near the surface. 38 

Vertical distributions of aerosol scattering Ångström exponent (SAE) indicate that aerosols near the 39 

surface mainly originate from primary emissions consisting of more fine particles. The combined 40 

effect of aerosol lifting aloft and long-distance transport increases SAE and makes it vary more in 41 

the free troposphere than near the surface. For To parameterizeing NCCN, the equation NCCN=10
β
∙σ𝛾 42 

is used to fit the relationship between NCCN and the aerosol scattering coefficient (σ) at 450 nm. The 43 

fitting parameters β and γ have linear relationships with the SAE. Empirical estimates of NCCN at 44 

0.7% water vapor supersaturation (ssSS) from aerosol optical properties are thus retrieved for the 45 

two air masses: NCCN=10
-0.22∙SAE+2.39

∙σ0.30∙SAE+0.29  for northwesterly air masses and 46 

NCCN=10
-0.07∙SAE+2.29

∙σ0.14∙SAE+0.28 for southeasterly air masses. The estimated NCCN at 0.7% ss SS 47 

agrees with that measured, although the performance differs between low and high concentrations 48 

in the two air masses. The results highlight the important impact of aerosol sources on the empirical 49 

estimate of NCCN from aerosol optical properties. 50 

 51 

1. Introduction 52 

Defined as the mixture of solid and liquid particles suspended in the air, aerosols have a great 53 

impact on Earth’s climate system via their direct and indirect effects (IPCC, 2021). They not only 54 

alter Earth’s radiation budget by absorbing and scattering solar radiation directly (e.g., Bond et al., 55 

2013) but also affect the radiation budget indirectly by serving as cloud condensation nuclei (CCN), 56 
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modifying the microphysical properties of clouds (e.g., Lohmann and Feichter, 2005; Andreae and 57 

Rosenfeld, 2008). This is referred to as aerosol-cloud interactions (ACI). Many studies suggest that 58 

good knowledge of the CCN activation ability is the key to quantitatively evaluating ACI and its 59 

radiative forcing in models (e.g., Rosenfeld et al., 2014, 2016; Z. Li et al., 2016, 2019; Liu and Li., 60 

2020). However, this is uncertain because of the lack of comprehensive observations.  61 

CCN is a subset of aerosols that can be activated at a certain water vapor supersaturation (ssSS). 62 

The activation ability is mainly determined by three aerosol properties, namely, particle size, 63 

chemical composition, and mixing state (e.g., Farmer et al., 2015; F. Zhang et al., 2017; Cai et al., 64 

2018; Y. Wang et al., 2018). Previous studies have reported that these three factors have large 65 

spatiotemporal variabilities over different regions in the world (e.g., Juranyi et al., 2011; Paramonov 66 

et al., 2015; Schmale et al., 2018), especially in fast-developing countries like China (Z. Li et al., 67 

2019). This increases the uncertainty of estimates of ACI.  68 

To evaluate the effect of aerosols on air quality and atmospheric radiative forcing in China, 69 

many field experiments have been carried out in recent years in some developed regions, such as 70 

the Pearl River Delta (PRD) (e.g., Rose et al., 2010), the Yangtze River Delta (YRD) (e.g., Leng et 71 

al., 2013), and the North China Plain (NCP) (e.g., L. J. Guo et al., 2015; F. Zhang et al., 2017; J. 72 

Ren et al., 2018). Some of these studies including measurements of CCN aimed at investigating the 73 

characteristics of CCN activation properties and their influential factors that influence them or 74 

establishing reasonable estimation schemes for CCN number concentration (NCCN). For example, L. 75 

J. Guo et al. (2015) discussed the change in CCN activation properties in a long-lasting severe fog 76 

and haze episode. F. Zhang et al. (2017) conducted NCCN closure experiments, finding that NCCN was 77 

well estimated using the data of aerosol size number concentration and bulk chemical composition 78 

but it was influenced by the aerosol aging level. J. Ren et al. (2018) suggested that it was is better 79 

to predict NCCN using aerosol size-resolved rather than bulk chemical composition data. However, 80 

most of these studies were based on ground-based observations, which could not characterize the 81 

vertical distributions of CCN properties and NCCN profiles. The CCN activation ability and NCCN 82 

below cloud bases are key in quantifying ACI (Rosenfeld et al., 2014; Z. Li et al., 2016). Therefore, 83 

it is necessary to do more studies about CCN profiles in China.  84 

A commonly used platform to observe vertical distributions of NCCN  profiles and the vertical 85 

distribution ofand CCN activation ability is an aircraft (e.g., J. Li et al., 2015b; Jayachandran et al., 86 
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2020a; Manoj et al., 2021; Z. Cai et al., 2022). However, limited by high costs and technological 87 

complexity, current aircraft measurements are insufficient to quantify ACI. Some studies have thus 88 

attempted to estimate NCCN using aerosol optical data that are much more plentiful (e.g., Andreae, 89 

2009; Liu and Li, 2014; Tao et al., 2018). For example, Andreae (2009) built an exponential function 90 

between NCCN and aerosol optical depth (AOD). Liu and Li (2014) found that the relationship 91 

between NCCN and AOD becomes invalid when the relative humidity (RH) exceeds 75% and they 92 

developed new parameterized relationships to estimate NCCN accounting for RH, particle size, and 93 

single scattering albedo (SSA). defined the aerosol scattering index (AI) using aerosol scattering 94 

coefficients (σ) and aerosol scattering Ångström exponent (SAE) to estimate NCCN. Tao et al. (2018) 95 

established a lookup table that includes σ, hygroscopicity parameter (κ), and Ångström exponent (Å) 96 

for estimating NCCN based on the measurement of a three-wavelength humidified nephelometer 97 

system. The vertical profiles of NCCN were also predicted using lidar data. For example, Mamouri 98 

and Ansmann (2016) investigated the potential of polarization lidar data to estimate vertical 99 

distributions of NCCN. Lv et al. (2018) developed an algorithm for profiling NCCN using backscatter 100 

coefficients at 355, 532, and 1,064 nm and extinction coefficients at 355 and 532 nm from 101 

multiwavelength lidar systems. Satellite lidar data of the Cloud–Aerosol Lidar and Infrared Pathfinder 102 

Satellite Observations (CALIPSO) have also been employed to retrieve the profiles of lidar of CCN 103 

(Choudhury and Tesche 2022). Most of the retrieved NCCN profiles are yet to be validated against in 104 

situ NCCN profile measurements.Most of these NCCN parameterization schemes, however, were 105 

conducted based on ground-based observations in different regions and were rarely verified by in 106 

situ NCCN profiles. 107 

Over the past few decades, rapid industrialization and urbanization have made the NCP one of 108 

the most heavily polluted regions in China. The large number of aerosols and gases emitted by 109 

human activities deteriorated air quality, strongly impacting the regional climate (e.g., Fan et al., 110 

2016; Chen et al., 2022). The aerosol activation ability and optical properties in the NCP have drawn 111 

much attention (e.g., Zhang et al., 2016, 2017; Wang et al., 2018b). In light of this, we undertook a 112 

comprehensive airborne campaign in the NCP under the aegis of a project called Air chemistry 113 

Research In Asia (ARIAs). We directly measured profiles of NCCN and aerosol optical properties 114 

from an aircraft and analyzed the CCN activation property and relationships between NCCN and 115 

aerosol optical properties. The in-situ measurements presented here are beneficial in validating lidar 116 
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or satellite-based NCCN retrieval algorithms (e.g., Choudhury and Tesche, 2022). Moreover, tThis 117 

study will provide a perspective to improve aerosol-cloud parameterizations applied in the NCP. 118 

Analytical methods developed here will also be applicable to other regions of the world. 119 

This paper is structured as follows. Details about the airborne campaign, instruments, and air 120 

mass sources are given in Section 2. Section 3 discusses and analyzes NCCN profiles at 0.7% ssSS, 121 

vertical distributions of CCN spectra, and possible relationships between NCCN and aerosol optical 122 

properties. Section 4 summarizes the major conclusions of this study.  123 

 124 

2. Airborne campaign, instruments, and air mass sources 125 

2.1 Airborne campaign 126 

Hebei province (36°05' N-42°40' N, 113°27' E-119°50' E) is located north of the Yellow River 127 

and east of the Taihang Mountains in the NCP. It surrounds the Beijing and Tianjin megacities, 128 

and borders Shangdong province to the east, Shanxi province to the west, Henan province to the 129 

south, and the Inner Mongolia Autonomous Region to the north (Fig. 1a). The terrain of Hebei 130 

province is high in the northwest and low in the southeast, with the altitude generally decreasing 131 

from the northwest to the southeast. The plain area covers most of Hebei province, located in the 132 

eastern foothills of the Taihang Mountains. 133 

 134 

  135 
Figure 1. (a) The geographic location of Hebei province and (b) flight tracks of six flights 136 

conducted over the southern plain of Hebei province in from May 8 to June 11, 2016. The colored 137 

background shows terrain heights above sea level (unit: m). The number after ‘RF’ indicates the 138 

research flight number. 139 

 140 

42

40

38

36

34

L
at

it
u

d
e 

(°
N

)

118116114112110
Longitude (°E)

Hebei

Shandong

HenanHenan

Shanxi

Inner Mongolia

Beijing

Tianjin

38.5

38.0

37.5

37.0

36.5

L
at

it
u

d
e 

(°
N

)

115.5115.0114.5114.0113.5
Longitude (°E)

Xingtai (XT)

Luancheng (LC)

Julu (JL)

Quzhou (QZ)
200010000

Height above sea level (m)

 RF1   RF2
 RF6   RF7

 RF8   RF11

T
ai

h
an

g
 M

o
u

n
ta

in
s

(a) (b)

带格式的: 字体: (中文) 宋体, 字体颜色: 文字 1, (中文) , (其
他) 

带格式的: 字体: (中文) 宋体, 字体颜色: 文字 1, (中文) , (其
他) 

带格式的: 字体: (中文) 宋体, 字体颜色: 文字 1, (中文) , (其
他) 

带格式的: 字体: (中文) 宋体, 字体颜色: 文字 1, (中文) , (其
他) 

带格式的: 字体: (中文) 宋体, 字体颜色: 文字 1, (中文) , (其
他) 



6 

The ARIAs campaign was carried out from May 8 to June 11, 2016 in the southern plain area 141 

of Hebei province using a Y-12 turboprop airplane operated by the Weather Modification Office 142 

of the Hebei Meteorological Bureau. The details of the flight plans  and initial investigations into 143 

the impact of air mass on air chemistry have been published (Benish et al., 2020, 2021; F. Wang 144 

et al., 2018).were introduced in F. Wang et al. (2018). The sampling method was summarized in 145 

the supplement. The influence of air mass and regional transport as MAX-DOAS and LIDAR has 146 

been presented (Wang et al., 2019). This previous work identified coal combustion, industrial 147 

processes, vehicular traffic, and biomass burning as contributors to poor air quality. Luancheng 148 

(LC, 114.36o E, 37.18o N; 182 m above mean sea level, or a.s.l.), Xingtai (XT, 114.36o E, 37.18o N; 149 

182 m a.s.l.), Julu (JL, 115.02o E, 37.22o N; 20 m a.s.l.), and Quzhou (QZ, 114.96o E, 36.76o N; 40 150 

m a.s.l.) are the four central sampling sites (Fig. 1b), all to the east of the Taihang Mountains. Six 151 

flights (RF1, RF2, RF6, RF7, RF8, and RF11) measuring NCCN and aerosol optical properties are 152 

used in this study. In all the flights, the Y-12 airplane conducted vertical spiral flights from ∼0.3 153 

to ∼3.5 km near one or two central sampling sites and level flights at different fixed altitudes 154 

between different central sampling sites. Every flight obtained several NCCN profiles at one or two 155 

sites and NCCN data at several fixed altitudes. Table 1 lists details about the flight tracks (also see 156 

Fig. 1b). 157 

Altitudes are distances a.s.l. in this study. All aircraft flights except RF8 (conducted from 158 

16:30–18:24 CST; CST stands for China standard time, which is 8h ahead of UTC) were conducted 159 

around noon (10:00–15:00 CST), when the planetary boundary layer (PBL) height was fully 160 

developed.  161 

 162 

 163 

Table 1. Detailed information about the flight tracks deployed during the campaign. Flight code 164 

(third column): The number after ‘RF’ indicates the research flight number, the number after ‘_’ 165 

indicates the number of vertical spiral flights, and the letter after ‘_’ indicates the number of level 166 

transects.flights. 167 

Flight number, 

date 

Time range  

(CST) 

Flight 

code 

 

Region covered 

 

Vertical height  

a.s.l. (km) 

Sampling 

duration 

(min) 

Maximum spiral 

radius (km) 

RF1_1 XT 0.3–3.7 38 ~ 10 
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RF1, 

20160508 

13:02–

14:29 

RF1_a track from XT to LC ~3.6 20 – 

RF1_2 LC 0.3–3.2 15 ~ 10 

RF2, 

20160515 

12:17–

15:04 

RF2_a track from LC to JL ~0.4 18 – 

RF2_1 JL 0.3–3.6 40 ~ 5.0 

RF2_2 QZ 0.3–3.6 38 ~ 5.0 

RF2_b track from QZ to JL ~3.6 7 – 

RF2_c track from JL to LC ~0.4 10 – 

RF6, 

20160521 

12:04–

14:41 

RF6_1 QZ 0.3–3.1 36 ~ 5.0 

RF6_a track from QZ to XT ~2.5 18 – 

RF6_2 XT 0.3–2.6 43 ~ 5.0 

RF6_b track from XT to LC ~1.1 13 – 

RF7, 

20160528 

10:21–

13:25 

RF7_a track around XT ~3.1 20 – 

RF7_1 XT 0.5–3.1 49 ~ 5.0 

RF7_b track from XT to JL ~0.4 10 – 

RF7_2 JL 0.3–2.5 26 ~ 4.0 

RF7_c track from JL to LC ~1.8 7 – 

RF8, 

20160528 

16:30–

18:24 

RF8_a track around XT ~0.6 15 – 

RF8_1 XT 0.5–3.1 36 ~ 5.0 

RF11, 

20160611 

11:07–

12:28 

RF11_a track around XT ~0.6 16 – 

RF11_1 XT 0.3–3.2 50 ~ 4.0 

 168 

2.2 Instruments 169 

To satisfy the needs of this study, the Y-12 airplane was equipped with a dual-column CCN 170 

counter (CCNc), a three-wavelength integrating nephelometer, and a Cloud Water Inertial Probe 171 

(CWIP). All instruments were calibrated rigorously prior to the airborne campaign. Table 2 172 

summarizes the instruments equipped on the airplane. 173 

 174 

Table 2. Instruments equipped on the Y-12 airplane used in this study. 175 

Instrument Parameter Time resolution Accuracy 

CCN counter 

(model CCNc-200, 

DMT Inc.) 

CCN number concentrations（NCCN） 1 s – 

Nephelometer 

(model 3565, TSI Inc.) 

Aerosol scattering coefficients (σ) at 

three wavelengths (450, 550, and 700 

nm) 

1 s 0.5 Mm-1 

CWIP 

 (Rain Dynamics Inc.) 

Temperature (T) 1 s 1 K 

Relative humidity (RH) 1 s 2% 

Position 0.1 s – 

 176 
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NCCN was measured by a dual-column continuous-flow thermal-gradient cloud condensation 177 

nuclei counter (model CCNcC-200, DMT Inc.) with a time resolution of 1 s. It is equipped with 178 

two columns that can simultaneously measure NCCN at two different ss SS levels without mutual 179 

interference. In this campaign, only one ss SS level is set in the first column during all flights, but 180 

eight different ss SS levels are set in the second column with a measurement time interval of 90 s 181 

for each ss SS level. The CCNc data with instable sample or sheath flow is excluded. Considering 182 

the time reaching equilibrium at differenttime of ss SS levels, data acquired in the final 30 s data 183 

at any ss SS level in the cycle for the second column is used in this study. The ss SS level in columns 184 

was calibrated with pure ammonium sulfate following procedures developed by Rose et al. (2008). 185 

The ss SS level in the first column was corrected to 0.7% and the ss SS levels in the second column 186 

were corrected to 0.44%, 0.56%, 0.68%, 0.80%, 0.92%, 1.04%, 1.16%, and 1.28%. NCCN profiles 187 

at 0.7% ss SS and NCCN data at different ss SS levels were thus available.  188 

The integrating nephelometer (model 3565, TSI Inc.) can continuously measure aerosol 189 

scattering coefficients (σ) at three wavelengths (450, 550, and 700 nm) with a time resolution of 1 190 

s. Previous studies have shown that σ becomes larger with increasing relative humidity (RH) due 191 

to aerosol hygroscopic growth (e.g., L. Zhang et al., 2015; R. Ren et al., 2021). Hence, the 192 

scattering values were adjusted using a correction factor (Anderson and Ogren, 1998)the RH of 193 

sampled air was dried to below 40% in this campaign. The nephelometer was calibrated and tested 194 

rigorously prior to the airborne campaign using carbon dioxide gas and filtered zero air. Anderson 195 

and Ogren (1998) have provided details about the calibration methods and measurement 196 

uncertainties of integratingthis nephelometer. The Aerosol scattering Ångström exponent (SAE) is 197 

calculated as follows, where σ (λ1) and σ (λ2) are aerosol scattering coefficients at two given 198 

wavelengths (λ1 = 450 nm and λ2 = 700 nm) 199 

SAE=-
log(σ(λ1)) - log(σ(λ2))

log(λ1) -log(λ2)
 (1) 

SAE is often used to qualitatively assess the dominant size mode of aerosols, reflecting the 200 

particle number size distribution (PNSD) pattern (e.g., Hamonou et al., 1999). A large SAE (> 2) 201 

generally implies that fine-mode aerosols dominatedare dominant (e.g., smoke particles), while a 202 

small SAE (< 1) means that the coarse mode are dominant dominated (e.g., dust particles).  203 

 204 
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Ambient temperature (T) and RH were measured by a CWIP (Rain Dynamics Inc.) with a 205 

time resolution of 1 s during flights. Real-time flight position data such as longitude, latitude, and 206 

altitude were recorded by a global positioning system (GPS) and the CWIP with a time resolution 207 

of 0.1 s. The CWIP time was calibrated and synchronized with the GPS time prior to deployment. 208 

 209 

2.3 Air mass sources 210 

Previous studies have suggested that differences in air masses will lead to spatiotemporal 211 

differences in CCN activation ability and aerosol optical properties (e.g., Xu et al., 2020; 212 

Jayachandran et al., 2020b). To better understand air mass sources and aerosol transport pathways 213 

over the measurement area, seventy-two-hour air mass back trajectories for all NCCN profiles at 0.5, 214 

1.5, 2.5, and 3.5 km are analyzed using the NOAA Hybrid Single Particle Lagrangian Integrated 215 

Trajectory (HYSPLIT) model (Stein et al., 2021Draxier and Hess, 1998). Results show that the 216 

sampling region is mainly influenced by two distinct air masses, namely, northwesterly air masses 217 

and southeasterly air masses (Fig. 2). Northwesterly air masses (Fig. 2a) originate from arid or semi-218 

arid land, including five NCCN profiles whose flight codes are RF1_1, RF1_2, RF2_1, RF2_2, and 219 

RF11_1. Before these trajectories approach the sampling area, most of these air masses flow around 220 

or are forced to lift due to the influence of the Taihang Mountains. However, southeasterly air 221 

masses (Fig. 2b) originate from coastal or marine areas, also including five NCCN profiles whose 222 

flight codes are RF6_1, RF6_2, RF7_1, RF7_2, and RF8_1. Air masses in place during the RF7_1, 223 

RF7_2, and RF8_1 flights originate from coastal areas, and those during the RF6_1 and RF6_2 224 

flights originate from the western Pacific. Southeast trajectories pass over the densely populated 225 

plain region to the east and south of the sampling area, which is easily impacted by anthropogenic 226 

emissions. These trajectories are also easily affected by differences in land and sea thermal 227 

properties, raising the air masses gradually before reaching the sampling area (Fig. S1). 228 

 229 
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 230 

Figure 2. Seventy-two-hour HYSPLIT back trajectories over the sampling region: (a) northwesterly 231 

air masses and (b) southeasterly air masses. The color of trajectories indicates different flight codes 232 

associated with NCCN profiles. The line type shows trajectories with different starting altitudes (0.5, 233 

1.5, 2.5, and 3.5 km). 234 

 235 

3. Results and Discussion 236 

3.1 Vertical distributions of NCCN 237 

3.1.1 Effect of the temperature inversion layer (TIL) on NCCN profiles 238 

Previous studies have demonstrated the significant impact of the TIL structure on the vertical 239 

distributions of aerosols and NCCN (e.g., Janhäll et al., 2006; J. Li et al., 2015a, 2015b). Here, NCCN 240 

profiles are classified into three categories according to the number of TILs (Table 3). Three typical 241 

NCCN profiles at 0.7% ss SS (RF2_1, RF6_1, and RF1_1) with different numbers of TILs are chosen 242 

for comparison purposes (Fig. 3; NCCN profiles associated with the other three flight codes are shown 243 

in Figs. S2–4).  244 

 245 

Table 3. Classification of different NCCN profiles based on the number of TILs. 246 

Categories Flight codes of NCCN profiles 

No TIL RF2_1, RF2_2 

One TIL RF6_1, RF6_2, RF7_1, RF7_2, RF8_1, RF11_1 

Two TILs RF1_1, RF1_2 

 247 

No TIL: Figure 3a shows vertical profiles of T and potential temperature (θ) for the RF2_1 248 

NCCN profile (Fig. 3b). T decreases with altitude in the absence of a TIL while the variation in θ with 249 
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altitude (∂θ⁄∂z) is generally small below ~2.3 km (Fig. 3a). These meteorological conditions are 250 

favorable for the upward transport of aerosols below ~2.3 km. The larger ∂θ⁄∂z above ~2.3 km 251 

suggests a more stable atmosphere, suppressing the upward transport of aerosols (Yau and Rogers, 252 

1998). This is why NCCN peaks at ~2.3 km and decreases rapidly above (Fig. 3b). However, a second 253 

NCCN peak is observed at ~3.2 km, with a small ∂θ⁄∂z in the vicinity. The seventy-two-hour back 254 

trajectory shows that the air mass in this case originates from the northwestern arid/semi-arid parts 255 

of Mongolia (Fig. 2a). The long-distance transport of aerosols (like dust particles) may be 256 

responsible for the NCCN peak at ~3.2 km. In another NCCN profile with no TIL (RF2_2), a weak 257 

NCCN peak also appears at ~3.2 km (Fig. S2b). The RF11_1 NCCN profile with similar back 258 

trajectories as RF2_1 and RF2_2 also has a weak NCCN peak at ~3.2 km. This suggests that the long-259 

distance transport of aerosols plays an important role in NCCN in the free troposphere over the NCP 260 

under the influence of northwesterly air masses. Note that high NCCN in the free troposphere has an 261 

important impact on cloud microphysical properties (Rosenfeld et al., 2008). 262 

One TIL: The temperature profile in Fig. 3c shows a ~0.4-km-deep TIL at ~1.8 km. A thick 263 

TIL hinders the upward transport of aerosols and facilitate the vertical mixing of NCCN below the 264 

TIL. NCCN thus varies little with altitude below the TIL, with a mean NCCN at 0.7% ss SS of 5140 265 

cm−3 (Fig. 3d). The θ profile in Fig. 3c suggests that ∂θ⁄∂z above the TIL is much larger than below 266 

the TIL, meaning a more stable atmosphere above the TIL. NCCN quickly decreases by an order of 267 

magnitude from below to above the TIL (from 5542 cm−3 at ~1.8 km to 365 cm−3 at ~2.2 km). 268 

Overall, the presence of a thick TIL has a large impact on the NCCN profile. 269 

Two TILs: The temperature profile in Fig. 3e depicts two shallow TILs with the same depth 270 

of ~0.2 km, appearing at ~0.8 km and ~2.5 km, respectively. Due to the hindering effect of a TIL on 271 

the vertical transport of aerosols, only a small amount of CCN break through the first TIL and diffuse 272 

to higher altitudes. Figure 3f suggests that NCCN increases with altitude from near the surface to the 273 

bottom of the first TIL. A large amount of CCN accumulate below the first TIL, peaking at its bottom. 274 

The second TIL makes NCCN accumulate again between the two TILs. Under the combined effect 275 

of two TILs, the upward transport of CCN becomes difficult. The θ profile in Fig. 3e also shows 276 

that ∂θ⁄∂z is always positive, varying slightly with height. NCCN generally experiences a declining 277 

trend with altitude between the two TILs (from 6380 cm−3 at 0.9 km to 635 cm−3 at 2.5 km). Above 278 

the second TIL, NCCN remains at low and stable, with concentrations on the order of 102 cm−3. 279 
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In summary, the TIL structure has an important impact on the vertical distribution of NCCN. 280 

Moreover, NCCN in the free troposphere are easily impacted by the long-distance transport of 281 

aerosols under the influence of northwesterly air masses. 282 

 283 

  284 
Figure 3. Vertical distributions of temperature (T) and potential temperature (θ) (a, c, e), and NCCN 285 

at 0.7% ss SS (b, d, f) for RF2_1, RF6_1, and RF1_1 NCCN profiles with (from top to bottom) no 286 

temperature inversion layer (TIL), one TIL, and two TILs. T and θ are averaged in the intervals of 287 

50 m in altitude. Horizontal error bars of NCCN represent standard deviations of NCCN at 0.7% ss SS 288 

at altitude intervals of 100 m. 289 

 290 
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3.1.2 Influence of air masses on NCCN profiles 291 

To further investigate the influence of air masses on NCCN profiles, the mean NCCN at 0.7% ss 292 

SS in different altitude ranges in two distinct air masses is analyzed (Fig. 4). In general, the mean 293 

NCCN at 0.7% ss SS has a declining trend with increasing altitude in both air masses (Fig. 4a). The 294 

NCCN in southeasterly air masses is higher than in northwesterly air masses below 1.5 km, indicating 295 

more aerosol particles that can be activated as CCN in southeasterly air masses. Section 2.3 indicates 296 

that southeasterly air masses always pass over the densely populated plain area. This means that 297 

massive anthropogenic emissions can clearly increase NCCN near the surface. However, NCCN above 298 

2 km is much lower in southeasterly air masses than in northwesterly air masses. This further 299 

indicates that the long-range transport of aerosols under the influence of northwesterly air masses 300 

contributes significantly to NCCN in the free troposphere. 301 

Figures 4b and 4c depict the mean NCCN at 0.7% ss SS in different altitude ranges in northwest 302 

and southeasterly air masses, respectively. Under the influence of northwesterly air masses, the 303 

temperature structure varies, leading to different NCCN profiles (Fig. 4b). For RF2_1 and RF2_2 304 

NCCN profiles with no TIL (Figs. 3b and S2b), the combined effect of upward and long-distance 305 

transport of aerosols increases NCCN at 0.7% ssSS above 2 km. The NCCN from 2 to 2.5 km is even 306 

higher than near the surface. For the RF11_1 NCCN profile with one TIL, NCCN at 0.7% ss SS varies 307 

slightly with altitude. For RF1_1 and RF1_2 NCCN profiles with two TILs, NCCN at 0.7% ss SS above 308 

2 km is much lower than near the surface.  309 

Under the influence of southeasterly air masses, the thermal structure for all NCCN profiles is 310 

similar, with one TIL (Table 3). The NCCN profile patterns are thus similar, showing much lower 311 

NCCN above 2 km than near the surface (Fig. 4c). Figure 4c also suggests that NCCN at 0.7% ss SS 312 

below 2 km is higher in the RF6_1 and RF6_2 NCCN profiles than in the other three NCCN profiles 313 

(i.e., RF7_1, RF7_2, and RF8_1). As discussed in section 2.3, air masses during RF6_1 and RF6_2 314 

originate from the western Pacific, while the others originate from coastal areas. All these air masses 315 

pass over the densely populated area before reaching to the measurement region. This suggests that 316 

the impact of marine aerosols, biomass burning, and fossil fuel combustion is theas possible reasons 317 

for high NCCN in the RF6_1 and RF6_2 NCCN profiles. Figure 4c also shows that the NCCN below 2 318 

km is much higher at XT than at QZ and JL during the same flights (RF6_2 vs. RF6_1, and RF7_1 319 
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vs. RF7_2). Figure 1b shows that the XT site is closer to the Taihang Mountains than the QZ and JL 320 

sites. This implies that the terrain blocking effect of the Taihang Mountains on aerosols accumulates 321 

aerosols, resulting in higher NCCN at XT. 322 

 323 

Figure 4. (a) Mean NCCN at 0.7% ss SS in different altitude ranges (ranging from 0 to 3.5 km at 324 

intervals of 0.5 km) in northwesterly and southeasterly air masses, and for different NCCN profiles at 325 

0.7% ss SS in (b) northwesterly air masses and (c) southeasterly air masses. The different colors in 326 

(b) and (c) are for different flights. Error bars represent standard deviations of NCCN at 0.7% ssSS. 327 

 328 

In summary, NCCN profiles ss are influenced by multiple factors over the NCP. TIL structure, 329 

aerosol long-range transport, and anthropogenic emissions lead to differences in the NCCN profiles 330 

in different air masses. Even in the same air mass, diverse aerosol sources and terrain distributions 331 

cause large differences in NCCN. 332 

 333 
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3.2 Vertical distributions of CCN spectra in different air masses 334 

The CCN spectrum is usually defined as a function of NCCN to ssSS. Twomey (1959) first 335 

reported an exponential relationship betweenthat NCCN had an exponential relationship withand ssSS. 336 

Since then, a variety of such functions have been proposed thanks to a large number of observations 337 

made which are all necessary given its nature of empirical relationships whose validity are generally 338 

limited. For example, Ji and Shaw (1998) provided a three-parameter function, while Gunthe et al. 339 

(2011) suggested a logarithmic function to fit CCN spectra. In this study, NCCN measurements made 340 

at different ss SS during 11 level fights are used to fit CCN spectra. Twomey’s relation (Twomey, 341 

1959; Cohard et al., 1998) is used to fit the relationship between NCCN and ss SS according to the 342 

least-squares method:  343 

NCCN (ssSS) =C•(ssSS)k (2) 

where NCCN (ssSS) is the NCCN at a specified ssSS, and C and k are two fitting coefficients. Table S1 344 

lists the fitting results for the 11 level flights. In Eq. (1), the C value represents NCCN at 1.0% ssSS, 345 

and the shape of the CCN spectrum is determined by the k value. Previous studies have suggested 346 

that k is closely related to the shape of particle number size distribution (PNSD) and aerosol 347 

hygroscopicity (e.g., Hegg et al., 1991; Jefferson, 2010). A lower k value means a stronger aerosol 348 

activation ability (i.e., more coarse-mode particles or stronger aerosol hygroscopicity), and 349 

vice versa.  350 

Figure 5 shows CCN spectra at different altitudes during three level flights (RF2, RF6, and 351 

RF7). The seventy-two-hour back trajectories (Fig. 2a) suggest that the RF2 flight is influenced by 352 

northwesterly air masses. The CCN spectra during three level flights (RF2_a, RF2_b, and RF2_c; 353 

Fig. 5a) shows that C and k are lower at 3.6 km (RF2_b) than at 0.4 km (RF2_a and RF2_c), 354 

indicating smaller NCCN but stronger aerosol activation ability in the free atmosphere than near the 355 

surface. At the same altitude (0.4 km), C during the RF2_c flight (6560 cm−3) is more than two times 356 

that during the RF2_a flight (3029 cm−3), with different k values (1.75 and 1.71, respectively). This 357 

indicates the regional variation of NCCN and the weak aerosol activation ability near the surface.  358 

Figures 5b and 5c show CCN spectra during flights RF6 and RF7, which are influenced by 359 

southeasterly air masses (Fig. 2b). The k values associated with southeasterly air masses (Fig. 5b 360 

and 5c) are always lower than those associated with northwesterly air masses (Fig. 5a). Therefore, 361 

aerosols in southeasterly air masses have a stronger activation ability than those in northwesterly air 362 
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masses. This is likely because aerosols from the southeast are mostly from anthropogenic emissions 363 

including more secondary particle matters such as sulfate and nitrate, while from the northwest 364 

contains more natural components such as mineral dust (Xia et al., 2019; Q. Wang et al., 2022). 365 

Figure 5c also shows that k during the RF7 flight decreases from 0.65 at 0.4 km to 0.37 at 1.8 km, 366 

increasing to 0.62 at 3.1 km. Figures S3c and S3e show that the altitude of the TIL during the RF7 367 

flight is ~2 km. This suggests that the aerosol activation ability near the TIL is stronger than that 368 

near the surface and in the free atmosphere above the TIL. This implies that the hindering effect of 369 

the TIL promotes aerosol aging processes, enhancing the aerosol activation ability (Y. Wang et al., 370 

2018). 371 

Overall, CCN spectra clearly varies with altitude over the NCP. The fitting coefficients of CCN 372 

spectra (C and k) are closely related to air mass sources, regional aerosol properties, and temperature 373 

structure. 374 

 375 

 376 
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 377 

Figure 5. Fitted CCN spectra at different altitudes during three flights: (a) RF2, (b) RF6, and (c) 378 

RF7. The flight code, flight altitude (Alt.), and the two fitting coefficients from Twomey's relation 379 

(C and k) are given in each panel. Solid lines are the fitting lines described by Eq. (1). The y-axis is 380 

logarithmic. 381 

 382 

3.3 The relationship between NCCN and aerosol optical properties 383 

3.3.1 Vertical distributions of aerosol scattering Ångström exponent (SAE)   384 

The SAE is calculated as follows, where σ (λ1) and σ (λ2) are aerosol scattering coefficients at 385 

two given wavelengths (λ1 = 450 nm and λ2 = 700 nm) 386 

SAE=-
log(σ(λ1)) - log(σ(λ2))

log(λ1) -log(λ2)
 (3) 

 SAE is often used to qualitatively assess the dominant size mode of aerosols, reflecting the 387 

PNSD pattern (e.g., Hamonou et al., 1999). A large SAE (> 2) generally implies that fine-mode 388 

aerosols dominated (e.g., smoke particles), while a small SAE (< 1) means that the coarse mode 389 

dominated (e.g., dust particles).  390 

Figure 6a shows the vertical distributions of SAE during the vertical spiral flights. Three profiles 391 

(RF2_1, RF2_2, and RF11_1) are not shown due to the lack of aerosol optical data. In general, SAE 392 

decreases gradually with altitude, while its standard deviation increases with altitude. This is likely 393 
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because aerosols near the surface are easily influenced by primary emissions from anthropogenic 394 

sources, consisting of more fine particles. The frequent appearance of a TIL at ~2 km suppresses the 395 

upward transport of fine particles, leading to the rapid decrease of SAE above the TIL. The long-396 

distance transport of coarse-mode aerosols (like dust particles) also decreases SAE in the free 397 

troposphere. As mentioned before, aerosol sources above 2 km are complex, which is why the 398 

standard deviation of SAE is larger above ~2 km. 399 

Figure 6b shows profiles of NCCN and σ (data used here were collected at 0.7% ss SS and 450 400 

nm, respectively) during the RF1_1 spiral flight. Figure S5 shows profiles from the other spiral 401 

flights. In general, the vertical variation of σ is synchronous with that of NCCN, indicating that they 402 

are correlated to some degree.  403 

 404 

 405 

Figure 6. Vertical distributions of (a) aerosol scattering Ångström exponent (SAE) during the 406 

vertical spiral flights (error bars are standard deviations of SAE) and (b) NCCN at 0.7% ss SS (red 407 

dots) and aerosol scattering coefficient (σ) at 450 nm (blue dots) during the RF1_1 vertical spiral 408 

flight.  409 

 410 

 411 

3.3.2 ParametrizingEstimation of NCCN from in terms of aerosol optical properties  412 

Both NCCN and aerosol optical properties are affected by the same factors (e.g., PNSD and 413 

chemical composition). Therefore, numerous studies attempted to estimate NCCN for aerosol optical 414 

properties, although there was no directly physical connection between them (e.g., Andreae, 2009; 415 

Liu and Li, 2014; Tao et al., 2018). Previous studies indicated that the relationship between NCCN 416 
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and σ was non-linear, mainly due to the variation of PNSD patterns (e.g., Andreae, 2009; Shinozuka 417 

et al., 2015). As discussed in section 3.3.1, SAE can be used to reflect the PNSD pattern. The clear 418 

vertical variation of SAE (Fig. 6a) suggests a complex and variable relationship between NCCN at 419 

0.7% ss SS and σ at 450 nm at different altitudes. Shinozuka et al. (2015) identified NCCN at 0.4±420 

0.1% SS with 10
0.3α

σext
0.75 where σext is the 500 nm extinction coefficient by dried particles and α is 421 

the extinction Angstrom exponent. Here, According to our measurements, the a modified 422 

parameterization provided by Shinozuka et al. (2015) is used in this study: 423 

NCCN=10
β
∙σ𝛾 (4)(3) 

where σ is the aerosol scattering coefficient at 450 nm, and β and γ are two fitting parameters. 424 

Shinozuka et al. (2015) suggested that β and γ were correlated to SAE, but the degree of correlation 425 

differed in different regions. In this study, NCCN at 0.7% ss SS and SAE data points are paired to 426 

derive β and γ. NCCN at other ss SS levels are too little to do this work because of the loop 427 

measurement of different ss SS levels in the second column of CCNc-200. 428 

Figure 7 S6 shows the relationships between SAE and β and SAE and γ in two air masses. β is 429 

negatively correlated with SAE, while γ is positively correlated with SAE. The correlation 430 

coefficients (R2)s are lower (smaller coefficients of determination, R2) in northwesterly air masses 431 

than in southeasterly air masses, likely due to more complex aerosol sources in northwesterly air 432 

masses. Empirical estimates of NCCN at 0.7% ss SS from aerosol optical properties are determined 433 

as follows: 434 

Northwesterly air mass: NCCN=10-0.22∙SAE+2.39∙σ0.30∙SAE+0.29  (5)(4) 

Southeasterly air mass: NCCN=10-0.07∙SAE+2.29∙σ0.14∙SAE+0.28  (6)(5) 

 435 
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 436 

Figure 7. The two fitting parameters β and γ as a function of the aerosol scattering Ångström 437 

exponent (SAE) in northwest air masses (a and c) and southeast air masses (b and d). The dots are 438 

mean values averaged in 0.3-wide SAE bins. The black lines are best-fit lines from linear regression. 439 

Linear relations and coefficients of determination are given in each panel.  440 

  441 

 Figure 8 7 shows the comparisons of measured NCCN at 0.7% ss SS and estimated NCCN at 0.7% 442 

ss SS using Eqs. (4) and (5) for different vertical spiral flights in northwesterly and southweasterly 443 

air masses. For both air masses, most points approach the 1:1 line, indicating reasonable estimates 444 

using Eq. (4) and (5) to parameterize NCCN. For northwesterly air masses (Fig. 8a7a), NCCN estimates 445 

are better under high concentration conditions than under low concentration conditions. However, 446 

for southeasterly air masses (Fig. 7b), NCCN estimates are better under low concentration conditions 447 

than under high concentration conditions. This is likely related to various aerosol sources at different 448 

altitudes. As previously discussed, most low NCCN values are observed in the upper atmosphere 449 

above the TIL, while high NCCN values are observed below the TIL. In northwesterly air masses, 450 

aerosol sources in the upper atmosphere are diverse, including the upward and long-distance 451 

transport of aerosols. This is why NCCN estimates worsen under low NCCN conditions. In 452 

southeasterly air masses, a single but thick TIL makes most aerosols accumulate in the lower 453 
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atmosphere, where local emissions and the impact of marine aerosols exacerbate NCCN estimates. 454 

These results highlight the important impact of aerosol sources on the empirical estimate of NCCN 455 

from aerosol optical properties.  456 

 457 

 458 

Figure 87. Comparisons between measured NCCN at 0.7% ss SS and estimated NCCN at 0.7% ss SS 459 

using Eqs. (4) and (5) for different vertical spiral flights in (a) northwesterly and (b) southeasterly 460 

air masses. The black solid lines are 1:1 line and the dash lines indicate the boundaries representing 461 

±10% deviations of NCCN (estimated) from NCCN (measured) in the log-log plot. The 10% deviation 462 

means that the deviation of individual data points is typically within a factor of 1.26 of the best 463 

estimates. The point number (N) and root mean square error (RMSE) in each panel are given. 464 

 465 

 466 

4. Conclusions 467 

A comprehensive airborne campaign was conducted over the North China Plain (NCP) under 468 

the aegis of a project called Air chemistry Research In Asia (ARIAs). Seventy-two-hour air mass 469 

back trajectories show that the region of study during this campaign was mainly influenced by air 470 

masses from the arid/semi-arid regions to the northwest or air masses from the southeast associated 471 

with from and heavily populated and industrialized coastal or marine areas.is mainly influenced by 472 

northwest and southeast air masses, originating from arid/semi-arid regions and coastal or marine 473 

areas, respectively. In this study, the profiles of cloud condensation nuclei number concentration 474 

(NCCN) and their estimates from aerosol optical properties are analyzed. 475 

It isWe found that NCCN profiles at the water vapor supersaturation (ssSS) of 0.7% are impacted 476 

largely by the temperature structure in the atmosphere. In general, the presence of a temperature 477 
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inversion layer (TIL) suppresses the upward transport of aerosols from near the surface, which is 478 

affected by the number and thickness of TILs. In addition, air mass sources have a significant impact 479 

on NCCN profile characteristics. Under the influence of northwesterly air masses, NCCN in the free 480 

troposphere are easily impacted by the long-distance transport of aerosols. However, under the 481 

influence of southeasterly air masses, atmospheric thermal structures for all NCCN profiles are similar, 482 

with one TIL present in all cases. The patterns of NCCN profiles are also similar, showing much lower 483 

NCCN above the TIL than near the surface. In addition to the impact of anthropogenic emissions, the 484 

transport of marine aerosols is another reason for the high NCCN near the surface when a 485 

southeasterly air mass is present. Moreover, comparisons of NCCN profiles during the same flights 486 

suggests that the terrain blocking effect of the Taihang Mountains on aerosols accumulates aerosols, 487 

resulting in high NCCN near the mountains. 488 

The Twomey’s relation (NCCN (ssSS) =C•(ssSS)k, where C and k are two fitting coefficients) is 489 

used to analyze CCN spectra and aerosol activation ability in this study. In general, there is a clear 490 

change in CCN spectra with altitude. The aerosol activation ability in southeasterly air masses is 491 

stronger than in northwesterly air masses, mainly due to the different chemical composition 492 

associated with diverse air masses. In addition, the aerosol activation ability is stronger in the free 493 

atmosphere than near the surface. The hindering effect of a TIL on the upward transport of aerosols 494 

promotes aerosol aging processes, enhancing the aerosol activation ability near the TIL. The vertical 495 

distribution of aerosol scattering Ångström exponent (SAE) indicates that aerosols near the surface 496 

are easily influenced by primary emissions, consisting of more fine particles. The combined effect 497 

of aerosol upward and long-distance transport increases SAE and make it vary more in the free 498 

troposphere than near the surface.  499 

The comparison of NCCN at 0.7% ss SS and aerosol scattering coefficient (σ) at 450 nm suggests 500 

that the vertical variation of σ is synchronous with that of NCCN. The equation,NCCN=10β∙σ𝛾  (β and 501 

γ are two fitting parameters), is used to parameterize NCCN, with the parameters β and γ being linearly 502 

correlated with the SAE. Empirical estimates of NCCN at 0.7% ss SS from aerosol optical properties 503 

are thus retrieved ( NCCN=10
-0.22∙SAE+2.39

∙σ0.30∙SAE+0.29  for northwesterly air masses, and 504 

NCCN=10-0.07∙SAE+2.29∙σ0.14∙SAE+0.28 for southeasterly air masses). The closure between the estimated 505 

and measured NCCN at 0.7% ss SS is acceptable although different performances are seen under low 506 

and high concentration conditions for the two air masses. Results suggest the important impact of 507 
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aerosol sources on the empirical estimate of NCCN from aerosol optical properties.  508 

 NCCN profiles in the NCP are impacted by multiple factors, including temperature structure, 509 

air mass sources, anthropogenic emissions, and terrain distribution. These factors make estimating 510 

NCCN from aerosol optical properties more difficult. In the future, more aircraft measurement data 511 

will be needed to establish a more reasonable parameterization scheme for NCCN at different ss. This 512 

study may also be useful for studying aerosol activation ability in other regions of the world. 513 
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