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Based on aircraft measurements of aerosols and continental cumulus clouds made over the Loess Plateau of China (Xinzhou, Shanxi Province) on 30 July 2020, this study focuses on the vertical profiles of microphysical properties of aerosols and cumulus clouds, and use them to study aerosol-cloud interactions. During the study period, the boundary layer was stable with a height ∼1,500 m above sea level. Aerosols in the boundary layer mainly came from local emissions, while aerosols above this layer were mostly dust aerosols transported over long distances. Vertical profiles of aerosols and cloud condensation nuclei were obtained, and aerosol activation ratios at different supersaturation (SS) levels ranged from 0.16 to 0.32 at 0.2% SS and 0.70 to 0.85 at 0.8% SS. A thick cumulus cloud in the development stage was observed from the bottom to the top with the horizontal dimension of 10 km by 7 km, the cloud-base height of 2,450 m (15.8°C), and the cloud-top height of 5,400 m (−3°C). The maximum updraft velocity near the cloud top was 13.45 m s−1, and the maximum downdraft velocity occuring in the upper-middle part of the cloud was 4.44 ms−1. The temperature inside the cloud was higher than the outside, with their difference being positively correlated with the cloud water content. The temperature lapse rate inside the cloud was about −6.5°C km−1. The liquid water content and droplet effective radius (Re) increased with increasing height. The cloud droplet number concentration (Nc) increased first then decreased, peaking in the middle and lower part of the cloud, the average values of Nc and Re were 767.9 cm−3 and 5.17 μm, respectively. The cloud droplet spectrum had a multi-peak distribution, with the first appearing at ∼4.5 μm. SS in the cloud first increased then decreased with height. The maximum SS is ∼0.7% appearing at ∼3,800 m. The conversion rate of intra-cloud aerosols to cloud droplets was between 0.2 and 0.54, with the ratio increasing gradually with increasing height. The cloud droplet spectral dispersion and Nc were positively correlated. The aerosol indirect effect (AIE) was estimated to be 0.245 and 0.16, based on Nc and Re, respectively. The cloud droplet dispersion mainly attenuated the AIE, up to ∼34.7%.
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HIGHLIGHTS

1) Simutaneous and coincident measurements of the vertical profiles of aerosol and clouds parameters are obtained to allow for studying their interactions in central northern China.
2) The cloud droplet number concentration is higher than the most observations which have been carried out.
3) Considerable variation in vertical velocity was observed in the cloud system ranging from downdraft of 4.44 ms−1 to updraft of 13.45 ms−1 with associated changes in cloud microphysics, and so is supersaturation rate.
4) Aerosol-cloud relationship was derived that is weakened by the cloud droplet spectral dispersion by up to 35%.
INTRODUCTION
Clouds play significant roles on Earth’s energy budget (e.g., Ramanathan et al., 1989; Norris, 2005) and hydrological cycle (e.g., Lohmann and Feichter, 2005; Andreae and Rosenfeld, 2008), strongly affecting regional and global climate. Aerosols are key to the formation and development of convective clouds by serving as cloud condensation nuclei (CCN) and interacting with the atmpospheric planetary boundary layer (PBL) (Pruppacher and Klett, 1997; Li et al., 2017). CCN is generally positively correlated with the number of cloud droplets and negatively with cloud droplet size. The later enhances cloud reflection, or cloud albedo, commoly known as the first type of aerosol indirect effect (AIE) (Twomey, 1977). By altering cloud droplet size, it affects the collision-coalescence efficiency and prolong the cloud lifetime by retaining more but smaller droplets in clouds, inhibiting the formation of rain (the second AIE; Albrecht, 1989). Numerous studies (e.g., Peng et al., 2002; Feingold et al., 2003a; Penner et al., 2004; Berg et al., 2011; Qiu et al., 2017) have provided observational evidence and theoretical explanations on both types of AIE. Its impacts on global and regional climate have drawn much attention, especially through the Intergovernmental Panel on Climate Change (IPCC) (e.g. IPCC, 2013 and IPCC, 2021).
In the past few decades, the aerosol-cloud-interaction (ACI) has been investigated (Ackerman et al., 2004; Fan et al., 2016; Liu and Li, 2018a; Zhao X. et al., 2018). Liu and Daum, 2002 find that anthropogenic aerosols exert an additional effect on cloud properties via altering the spectral shape of the size distribution of cloud droplets in polluted air and acts to diminish this cooling, which helped solve an outstanding problems of the aerosol-cloud interaction (Liu et al., 2008). The wide range of the relative dispersion for low cloud droplet concentrations produces a large uncertainty in the estimation of the indirect radiative forcing that increases with the relative dispersion (C. Zhao et al., 2006). Fan et al. (2016) pay attention to AIEs on cumulus or convective clouds over land, although the mechanism of convective development and the aerosol impact on mixed-phase and ice-phase clouds are still fraught with many uncertainties. Zhao et al., 2018b find water clouds in coastal regions downwind of a polluted continent are more sensitive to increases in aerosols. Liu and Li (2018a) discover a significant influence of aerosol hygroscopicity on the magnitude of the aerosol first indirect effect (FIE) when aerosol optical quantities are used to estimate the FIE.
Due to the paucity of in-situ measurements of cloud condensation number (CCN) or cloud droplet number (CDN), the vast majority of studies employed such aerosol proxy variables as aerosol optical depth (AOD) retrieved from satellite (Nakajima et al., 2001; Liu, 2003; Menon et al., 2008; Wei et al., 2021), aerosol extinction cofficient from ground-based lidar or nephelometers (Liu et al., 2016; Liu and Li, 2018b). In-situ aircraft observation is most ideal for the AIE studies, but it is especially challenging for convective clouds because of the safety concern. Considering that the convective clouds are often formed via surface heating over land that is often coupled with the boundary-layer, measurements of in-situ cloud microphysical properties together with the measurements of CCN and aerosols inside and below the cloud base are highly valuable for studying the aerosol effect on clouds. Some field campaigns and numerical simulations have shown that more aerosols lead to more cloud droplets and smaller droplet sizes in shallow cumuli over land (M.-L. Lu et al., 2008; Xue and Feingold, 2006; Gustafson et al., 2008; Shrivastava et al., 2013). However, Jiang et al. (2008) showed a negligible effect of increasing aerosols on the lifetime of shallow cumulus clouds. Lohmann and Hoose (2009) and C. Lu et al. (2013) explored the relationship between entrainment mixing and microphysical properties of shallow cumuli but were unable to determine whether homogeneous or extremely inhomogeneous mixing dominated. Modeling work by Saleeby et al. (2015) indicated that increasing aerosols was favorable to the transition from shallow cumulus clouds to deep convective clouds by accounting for the interaction between microphysics and dynamic feedbacks. Yuan et al. (2011) illustrated the aerosol invigoration effect by analyzing satellite data, finding enhanced trade wind cumulus cloud amounts in the presence of volcanic aerosols. Nevertheless, the AIE on shallow cumuli is still highly uncertain, with an undetermined sign and magnitude of the radiative forcing (e.g., Xue et al., 2008). The effect of aerosols in the transition from shallow cumulus clouds to convective clouds is also controversial.
In North China, the number concentration of aerosol particles and CCN are extremely high due partially to the heavy anthropogenic pollution (e.g., Duan et al., 2012; Li et al., 2015). Several studies using long-term observational data have suggested the potential link between deep convective precipitation and aerosols in eastern China (including the Beijing-Tianjin-Hebei area and the Loess Plateau), but the relation is non-monotonic, lacking a convincing explanation of the underlying mechanism (e.g., M. Jiang et al., 2016; Guo et al., 2017; Li et al., 2019). Aircraft measurements of aerosol properties and shallow cumulus clouds in this specific region are thus desired to study the aerosol impact on convection. So far, an air-borne based estimate of the AIE to be around 0.10–0.19 (Zhao C. et al., 2018) for shallow cumulus clouds in Hebei, which is heavily affected by pollutants and the AIE is dictated partially by water vapor supply (Y. Yang et al., 2019).
This study is concerned with the analyses of aircraft measurements of aerosol properties and their impact on the growth of a continental cumulus cloud observed in Shanxi province in China. The paper is organized as follows. Description of The Field Campaign describes the instruments and data from aircraft measurements. Observational Results presents the vertical distributions of aerosol and cloud characteristics, and examines the aerosol effect on cloud microphysics. Conclusions are given in Conclusion.
DESCRIPTION OF THE FIELD CAMPAIGN
Instruments on Aircraft
The research aircraft operated in the study region is the Harbin Yun-12 twin-engine turboprop aircraft whose cruise speed is ∼60–70 m s−1, and the climbing and descending speeds are ∼2–6 m s−1. Table 1 lists the instruments installed in the aircraft to make aerosol and cloud measurements. The main sampling probes were mounted underneath the aircraft wings carrying the Passive Cavity Aerosol Spectrometer Probe (PCASP, DMT, USA) measuring aerosol particle sizes and number concentrations in the diameter range of 0.1–3 μm; the Cloud Droplet Probe (CDP, DMT, USA) measuring cloud droplet size distributions of droplets in the size range of 2–50 μm; the Cloud Imaging Probe (CIP, DMT, USA) measuring large cloud droplets/crystals and precipitating particles in the diameter range of 15–930 μm; the Aircraft-Integrated Meteorological Measurement System (AIMMS, Aventech Research Inc., Canada) providing meteorological data, such as temperature, pressure, specific humidity, relative humidity (RH), longitude, latitude, and altitude, among others. The temporal resolution of all data is 1 Hz.
TABLE 1 | List of instruments in the aircraft during the research flights.
[image: Table 1]Other instruments were installed inside the aircraft cabin including the following. The Model 3,772 Condensation Particle Counter (CPC, TSI, USA) is a compact, rugged, and full-featured instrument, detecting airborne particles down to 10 nm in diameter at an aerosol flow rate of 1.0 L min−1, over a concentration range of 0 to 104 particles cm−3. This instrument can measure the ultra-fine mode aerosol number concentration. The CCN Counter (CCN-100, DMT, USA) can be set up with different supersaturation (SS) levels within 0.1–2% and has 20 bins from 0.75 to 10 μm.
All instruments were calibrated before a flight took place, and the air tightness of the gas path and each instrument was checked with a hand-held manometer. An air sampling inlet device made of stainless steel was mounted on top of the airplane fuselage, with a stent height of ∼10 cm. The air inlet was connected to the sampling equipment inside the aircraft through straight stainless-steel tubes and non-adsorption rubber hose. The collection efficiency for aerosol particles in the size range of 0.01–5.0 μm was 95%, and the collection efficiency of aerosol particles with sizes larger than 5.0 μm was ∼50%. Without using an air pump, the air inlet flow was about 15 L min−1 when the flight speed ranged from 200 to 300 km h−1. The inlet was connected to the instruments as directly as possible to avoid turns or corners. Ambient air was pumped into the aircraft cabin from the sample inlet, entering each instrument after drying. The RH of sampled air after drying was less than 40%. Note that the CPC can measure all aerosol particles even if some particles have been activated. Video equipment was installed inside the front windshield of the aircraft to record the entire detection process. The flight commander carried a high-definition camera to take photos of the measured cumulus clouds.
Datasets
The CPC and PCASP provided aerosol particle number concentrations in different diameter ranges. The total aerosol number concentration (as measured by the CPC) is denoted as Na (cm−3). The accumulation-mode aerosol number concentration (as measured by the PCASP) is denoted as Nacc (cm−3). The CCN number concentration at SS levels of 0.2 and 0.8% are written as CCNc (SS = 0.2%) (cm−3) and CCNc (SS = 0.8%) (cm−3), respectively. LWC refers to the cloud liquid water content measured with the CDP and CIP probes. CDP-detected droplet numbers with diameters ranging from 2 to 50 μm (Nc, cm−3) represent the cloud droplet number concentration. Drizzle drops are typically larger than 50 μm in diameter (Pruppacher and Klett, 1997). Thus the number of cloud droplets detected by CIP and ranged in 50–930 μm (Nd, cm−3) represents the drizzle droplet number concentration. Note that data from the PCASP in the first bin (0.09–0.1 μm) are inaccurate due to the detection limit of the instrument, so they were eliminated from the analysis (Li et al., 2015).
According to previous studies, different criteria have been applied to define the presence of clouds in aircraft observation (Gultepe and Isaac, 2004; Rangno and Hobbs, 2005). Considering that the measured clouds in this study are over land, we apply the criteria of Nc > 10 cm−3 and LWC > 0.001 g m−3 for defining clouds, which are similar to that in Zhang et al. (2011) for studying clouds in Beijing, China.
All times refer to Beijing Standard Time (BST), and all heights are heights above sea level (ASL) with reference to Taiyuan City (112.55°E, 37.867°N, 778 m ASL), the capital of Shanxi Province.
Flight Description
Aircraft measurements were conducted in the vicinity of the Xinzhou (XZ) meteorological station (112.12°E, 38.07°N, 870 m ASL) in Shanxi Province from 15:00 to 19:00 BST on 30 July 2020. The station is located on the border between the Loess Plateau and the North China Plain and is 60 km northeast of Taiyuan City and 360 km southwest of Beijing. Figure 1 shows details of the flight trajectory. The aircraft took off from Taiyuan Wusu International Airport, flew northward, and climbed up to 3,500 m at 15:20 BST, then leveled off at this altitude. CCN supersaturation was set at 0.2% when the airplane took off. The temperature at 3,500 m was ∼10.8°C. The airplane was in the vicinity of XZ at 15:32 BST when observers in the airplane spotted a thick cumulus cloud to the northeast of XZ (Figure 1E). The cloud body was white, and the cloud top had a clear-cut, cauliflower-uplift shape. The cloud length was ∼10 km, the width was ∼7 km, and the depth was ∼3 km. The terrain under the cumulus cloud was mountainous with an altitude of ∼1,400 m. The plane penetrated the cloud at the height of 3,200 m, descended 300 m, then flew straight and level through the cloud. It descended again, reaching the cloud base and flying around the cloud base for about 6 min. The height of the cloud base was ∼2,450 m, and the temperature at the cloud base was ∼15.8°C. The cloud-top height was ∼5,400 m, and the temperature at the cloud top was about −3°C. Climbing and descending aircraft maneuvers were done outside the cloud to reduce the impact of the aircraft on the cloud as the aircraft shifted power. There are no ice crystal particles appeared from the CIP particle image, and the convective cloud is a water cloud. The aircraft began its observations through the clouds after the aircraft was at a relatively stable height. According to the Himawari-8 satellite image taken during the observation period (at 16:00 BST), there was a cumulus cloud (Figure 1D) with a cloud-top height of ∼5 km (Figure 1C) in the detection area, consistent with the digital images taken from the aircraft.
[image: Figure 1]FIGURE 1 | (A) Flight trajectory, (B) time series of flight altitude (blue line, unit: m) and temperature (black line, unit: °C), (C) cloud-top height (unit: km), (D) cloud-type classification from the Himawari-8 satellite at 16:00 BST 30 July 2020, and (E) photo of the cumulus cloud. Himawari-8 satellite classifies the following clouds:1 Ci, 2 Cs, 3 deep convection, 4 Ac, 5 As, 6 Ns, 7 Cu, 8 Sc, 9 St, with 0 being clear and 10 unknown, 255 missing_value.
After detecting the cumulus cloud, the aircraft flew northwest for 10 km to XZ and carried out another round of detecting aerosols and CCN. To reduce the influence of the aircraft’s exhaust on environmental aerosols, the aircraft descended spirally from 4,500 m, flying to the lowest safety altitude (∼1,200 m), then flew horizontally for 5 min before circling and climbing to 3,600 m. The SS was adjusted to 0.8%, and the aircraft circled and descended to 1,200 m again after the CCN operating condition stabilized. After flying at this level for 5 min, the aircraft climbed to 3,600 m and continued flying horizontally for another 5 min before turning back to the airport.
OBSERVATIONAL RESULTS
Vertical Distributions of Aerosol Microphysical Properties
Figure 2 shows the vertical profiles of aerosol number concentrations for different size ranges, CCNc, and activation rate (AR) at SS levels of 0.2 and 0.8%. The maximum value of Nacc occurred near the ground, with a maximum value of 2000 cm−3. Nacc gradually decreased with increasing height below 3,000 m then increased with height above 3,000 m, reaching another peak at 4,200 m. Na first increased then decreased with increasing height, with the first peak value appearing at 1,500 m with a maximum concentration of 4,437 cm−3. Clear differences between Na and Nacc were seen below 3,600 m, with smaller differences seen between 3,900 m and 4,500 m. From the measurements of the micropulse lidar at XZ, the boundary-layer height during the observation period was estimated to be ∼1,500 m (Sawyer and Li, 2013; Su et al., 2020). The upward transport of near-surface aerosol particles was inhibited due to the stable boundary layer that constrained the bulk of aerosol particles to within 2,100 m. Figure 1E shows that the visibility below the cumulus cloud was low.
[image: Figure 2]FIGURE 2 | (A) Vertical profiles of the total (Na, hollow squares) and accumulation-mode (Nacc, black dots) aerosol number concentrations, (B) cloud condensation nuclei number concentrations (CCNc) at supersaturation (SS) levels of 0.2% (red) and 0.8% (blue), and (C) activation ratios (AR) at SS = 0.2% (red) and SS = 0.8% (blue) on 30 July 2020.
The shapes of the vertical profiles of Nacc and Na were very similar as CCNc at SS of 0.2 and 0.8% SS, respctively. Particles larger than 0.1 μm were mainly activated at SS = 0.2%. At SS = 0.8%, however, CCNc was much larger than Nacc and smaller than Na, suggesting that a large number of small particles ranging from 0.01 to 0.1 μm are activated at this larger SS. The maximum values of CCNc at 0.2 and 0.8% SS were 1,073 cm−3 and 3,672 cm−3, respectively.
Activation of aerosol particles to CCN is related to particle size, chemical composition, hygroscopicity, and environmental SS, as denoted by the ratio of CCN to aerosol number concentration at a certain SS level. Figure 2C shows the vertical profile of AR reflecting the joint impact of these CCN influential factors thoroughout the observed vertical extent. In general, the AR is much less variable with height but it is markedly different for two different SS values (0.2 and 0.8%). At 0.2% SS, the average AR is generally less than 0.4. And at 0.8% SS, the average value of AR is above 0.8. The aircraft measurements of aerosol particles and CCN were carried out and reported by Li et al. in the same area in 2013 (Li et al., 2015), they gave the vertical profiles of mean AR at 0.3 and 0.4% SS. In the research in 2013, when SS was 0.3, the average value of AR was mostly less than 0.4, and there was no obvious change trend in the vertical direction, which is similar to the results of this study. And when SS was 0.4, AR showed an obvious increasing trend in the vertical direction. The average AR was basically less than 0.4 in the lower layer (below 2000 m), then increased with height, and reached to 0.6–0.8 when above 4,000 m. But at the two supersaturations in this study, there is no obvious trend of AR vertical variation. All the variables are dictated by aerosol types, aerosol size and chemical compositions (including mixing state) that are further linked to the origin of air masses.
Figure 3 shows 48-hour backward trajectories of air masses at four height levels simulated by the Hybrid Single-Particle Lagrangian Integrated Trajectory model. The air masses at 1,000 m and 2,000 m originated east and south of the study area, respectively. The majority of aerosol particles in the boundary layer were fine particles from local emissions. Based on previous aerosol observations in the same area, the chemical composition of aerosol in this area is mainly sulfate (Zhang et al., 2016; Zhang et al., 2017), and the particles have a high content of soluble components, which are easy to activate under high humidity conditions. The air masses at 3,000 m and 4,000 m originated from northwest China and Inner Mongolia, respectively, carrying dust aerosols (J. Yang et al., 2017) from deserts and arid regions along the way (such as the Gobi Desert). Located in this part of Shanxi Province is the Xinfu District meteorological station, surrounded by mountains on three sides. A strong updraft was observed at the time of experiment (figure not shown) that likely transported aerosols from the surface to higher altitudes. Aerosols were well mixed in the upper atmospheric layer, and insoluble dust particles may have become more hygroscopic by mixing with soluble pollutants, acting as good CCNs due to their large sizes (Zhang et al., 2015; Wang et al., 2018).
[image: Figure 3]FIGURE 3 | Forty-eight-hour backward trajectories of air masses at four height levels, ending at 17:00 BST 30 July 2020 in the study area.
Number Size Distribution of Aerosol Particles
The number of aerosol particles in different size ranges is described by the aerosol spectral distribution, as is shown in Figure 4 at different heights. It is fitted by multi-lognormal distribution functions (Seinfeld and Pandis, 1998; Abdul-Razzak et al., 1998; Li et al., 2015):
[image: image]
where n is the number of modes per size distribution for the best fit, Dp is the peak aerosol diameter, Ni is the aerosol number in mode i, Dg,i is the geometric mean diameter of mode i, and σg,i is the standard deviation of mode i. The red and green solid lines in Figure 4 show the lognormal fits of two modes to the mean aerosol particle spectrum. Table 2 lists the parameters at different altitudes characterizing the number size distributions of these two modes. Aerosol particles showed bimodal distributions in the four height ranges that were thus fitted by two-mode lognormal distribution with the Mode-I being more dominant.
[image: Figure 4]FIGURE 4 | Mean size distributions of aerosol particles from (A) 1,000–2,000 m, (B) 2,000–3,000 m, (C) 3,000–4,000 m, and (D) above 4,000 m. The black hollow squares show the mean observed aerosol size distribution. The solid blue line represents the cumulative fit of the total aerosol size distribution, and the red (Mode I) and green (Mode II) solid lines represent the lognormal fits of the two aerosol mode size distributions, respectively. Macro- and Microphysical Characteristics of the Continental Cumulus Cloud Studied.
TABLE 2 | Parameters characterizing the number size distributions of the two aerosol modes at different altitudes.
[image: Table 2]Macro- and Microphysical Characteristics of the Continental Cumulus Cloud Studied
Figure 5 shows various microphysical parameters during the whole cloud detection phase (15:30–16:50, BST). We can see the difference of RH between inside and outside the cloud obviously at each altitude. Besides, the temperature also has a lot of differences between the environment and the cloud. The values of LWC ranged from 0.001 to 2.827 g m−3 with the average value of 0.434 ± 0.512 g m−3. It is lower than those in tropical cumulus clouds from the Ice in Clouds Experiment–Tropical (ICE-T) (Lawson et al., 2015) and mixed phase clouds observed during Cloud Aerosol Interaction and Precipitation Enhancement Experiment (CAIPEEX) (Patade et al., 2016), but larger than those in deep convective clouds observed in Texas (Rosenfeld and Woodley, 2000). Nc ranged from 10 to 2,680 cm−3 with the average value of 767.9 ± 634.5 cm−3, which are greater than most observations reported before (Rosenfeld and Woodley 2000; Rangno and Hobbs 2005; Huang et al., 2008; Heymsfield and Willis 2014; Padmakumari et al., 2017). The Re ranged from 2.16 to 7.65 μm with the average value of 5.17 ± 1.08 μm, which are smaller than those observed over India (Rosenfeld et al., 2012; Patade et al., 2016) and Amazon (Braga et al., 2017). Drizzle drops appeared near the top of the cloud.
[image: Figure 5]FIGURE 5 | The time series of altitude and temperature (A), relative humidity (RH) (B), vertical velocity (Vv) (C), liquid water content (LWC) (D), cloud particle number concentration (Nc) (E), cloud droplet effective diameter (ED) (F), drizzle droplet number concentration (Nd) (G), for cumulus clouds as observed by aircraft on 30 July 2020. The light gray areas represent the cloud base and the cloud top, respectively.
Figure 6A shows the vertical variations in microphysical quantities of the continental cumulus cloud studied. Both LWC and Re increased with height, and the maximum vertical velocity (Vv) was located in the upper middle part of the cloud. The relationship between LWC and altitude was clearer than that between LWC and Vv. The maximum LWC in the cloud was ∼2.83 gm−3. Within 500 m above the cloud base, the measured and calculated LWC were close in magnitude, suggesting that this region was a quasi-adiabatic region. As the height increased, measured LWC values were less than calculated values, with differences becoming larger with height, indicating that the mixing of air inside and outside the cloud was becoming stronger. Figures 6C,D show the flight trajectories and cumulus-cloud projections in the longitudinal and latitudinal directions, respectively. The cumulus cloud under study was composed of several small convective bubbles. There were gaps in the cumulus cloud, and there was entrainment at the cloud boundary. The vertical distributions of microphysical quantities within the cumulus cloud were not thus completely consistent with adiabatic growth. The liquid water path (Brenguier et al., 2011) of the observed convective cloud was ∼1337 g m−2.
[image: Figure 6]FIGURE 6 | Vertical distribution of the liquid water content (LWC) for different cloud droplet effective radii size ranges (size of the dot) and vertical velocities (color of the dot) (A), droplet size distributions at cloud base (black), mid-cloud (red), and cloud top (blue) (B), and projections of flight trajectories colored by vertical velocity superimposed onlatitudinal (C) and longitudinal (D) views of the cumulus cloud on 30 July 2020. The curve shown in (A) is the calculated adiabatic water content.
Figure 6B shows cloud droplet spectra at different heights. Cloud droplet spectra at cloud base, in the middle of the cloud, and at the cloud top have multi-peak distributions. The first peak appeared at 4.5 μm. The Na decreased, and the spectrum width increased with increasing height. The maximum diameter of cloud droplets at the cloud top reached 38 μm.
Table 3 shows average values of temperature in the cloud (Tc), ambient temperature (Te), Vv range, LWC, Nc, Re, and cloud droplet critical radius (Rc) at different penetration heights in the cumulus cloud. The decreasing rate of temperature, or lapse rate, within the cloud was about −6.5°C km−1, close to the wet adiabatic lapse rate (Seinfeld and Pandis, 1998). According to the temperature and dew-point temperature measured at the ground observation station at 15:00 BST, the lifting condensation level was 1964 m, slightly below the observed cumulus cloud-base height. The temperature inside the cumulus cloud was significantly higher than outside the cloud at the same height. The temperature difference between inside (Ti) and outside (To) the cloud (ΔT = Ti–To) was ∼0.18–1.03°C, caused by the latent heat release from the condensation of water vapor. This is attested by a positive linear relation found between LWC in the cumulus cloud and ΔT with the correlation coefficient of 0.43, namely,
[image: image]
TABLE 3 | Temperature in the cloud (Ti), temperature out the cloud (To), the vertical velocity range (Vv), cloud liquid water content (LWC), cloud particle number concentration (Nc), cloud droplet effective radius (Re), and cloud droplet critical radius (Rc) at different penetration altitudes in the cumulus cloud studied. AVE and STD stand for average and standard deviation, respectively.
[image: Table 3]The warmed air inside cloud incurs buoyance to fueld the further development of convection. The Vv inside the cumulus cloud ranged from −4.44 m s−1–13.45 m s−1, with overwhelming updraft (positive Vv) over the downdraft (negaitive Vv). The maximum updraft velocity was near the cloud top, and the maximum downdraft velocity occurs in the upper-middle part of the cloud. The Nc first increased then decreased with increasing height, with the peak Nc at 3,200 m. The Re increased slowly with height, following the condensation growth curve.
Rc represents the critical radius of the cloud-rain transformation function (Eq. 2 in Liu and McGraw, 2005):
[image: image]
where βc is an empirical constant equal to 1.15 ×1023. When cloud droplets are larger than Rc, the coalescence mechanism can be triggered in the cloud. It follows from Figure 6B; Table 3 that the cloud droplet spectral width is less than 28 μm, Rc is 22.37 (so the critical diameter, Dc is 44.74 μm) at the cloud base; the cloud droplet spectrum width is about 30 μm; Rc is 15.03 μm (Dc is 30.06 μm) at mid-cloud; and the cloud droplet spectral width is about 48 μm; Rc is 12.17 μm (Dc is 24.34 μm) at the cloud top; and there are droplets larger than Dc in the cloud, which can trigger the collision and coalescence. As we can see from Figure 5, drizzle appeared above the middle of the cloud.
To help understand the interaction between aerosols and cloud droplets, the aircraft flew straight and level near the cloud base for nearly 6 minutes, i.e., from 15:46 to 15:52 BST (Figure 7). Combined with the aerosol vertical distribution, Na and CCNc (SS = 0.2%) at 100 m below the cloud base were 2,157 ± 621 cm−3 and 793 ± 335 cm−3, respectively. Nc at the cloud base was 901.65 ± 774.78 cm−3. About 36.76% of aerosol particles were activated to CCN at 0.2% SS in the sub-cloud, and about 38.4% of aerosol particles were transformed to cloud droplets.
[image: Figure 7]FIGURE 7 | The time series of vertical velocity (Vv) (A), accumulation-mode aerosol number concentration (Nacc) (B), total aerosol number concentration (Na) (C), CCN number concentration (CCNc) (D), activation ratio (AR) (E), for sub-cloud as observed by aircraft on 30 July 2020.
Vertical Distribution of Supersaturation in the Continental Cumulus Cloud
Supersaturation is an important factor affecting the activation of aerosols. Supersaturation varies at different positions within clouds. Since the classical work by Twomey (1959), many studies have been aimed at calculating the maximum SS in clouds (Cohard et al., 1998; Abdul-Razzak and Ghan, 2000; Shipway and Abel, 2010). Pinsky et al. (2012) found that the maximum SS near the cloud base was positively correlated with the updraft velocity and negatively correlated with Nc, thus improving the calculation method of maximum SS. This method was used to calculate SS at different heights inside the cumulus cloud, i.e.,
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whereρa is the density of air (kg m−3),ρw is the density of liquid water (kg m−3), Lw is the latent heat for liquid water (J kg−1), ka is the coefficient of air heat conductivity (J m−1 s−1 K−1), and Rv and Rd are the water vapor specific gas constant and the dry air specific gas constant, respectively. The quantity ew (T) is the saturation vapor pressure above the flat surface of water (N m−2), D is the coefficient of water vapor diffusion in the air (m2 s−1), cp is the specific heat capacity of moist air at constant pressure (J kg−1 K−1), and qv is the water vapor mixing ratio.
The supersaturation value obtained by direct aircraft observation is one of the key contents of this study. Through observing and calculating, the vertical distribution of SS in the cloud is got and showed in Figure 8A. SS in the cloud first increased then decreased with increasing height. The peak value of SS appeared at 3,800 m with a value of 0.7%. The SS values in clean continental convective clouds are close to those calculated by Pinsky and Khain, 2020, but far less than the simulation values for a deep convective cloud systems (DCCs) over the Amazon (Fan et al., 2018). The mean and maximum values of SS at cloud base are 0.08 and 0.25%, respectively. Nc is slightly greater than CCNc (SS = 0.2%) at the cloud base. The ratio of intra-cloud Nc to Na ranged from 0.17 to 0.31 (Figure 8B). As Nacc accounts for a higher proportion of all aerosol particles above 3,600 m (Figure 2), larger aerosol particles are easier to activate. Besides, LWC increases with height inside the cloud, there is more abundant water vapor supply in the middle and upper part of the cloud. Aerosol particles are more easily activated under high humidity conditions. As such, the ratio of Nc to Na increases gradually with height, and the maximum value appearing at the cloud top.
[image: Figure 8]FIGURE 8 | Vertical profiles of (A) supersaturation (SS) and (B) Nc/Na at different altitudes in the cumulus cloud on 30 July 2020.
Cloud Droplet Spectral Dispersion
The cloud droplet spectral dispersion (ε) is the ratio of the cloud droplet spectral distribution standard deviation to the average radius of cloud droplets (Rm). It is an important parameter for describing cloud microphysics for it measures the dispersion of cloud droplets, expressed as
[image: image]
The ε can affect microphysical processes in clouds through the first AIE and can also affect the cloud water to rainwater conversion process through the second AIE, ultimately affecting precipitation formation. The magnitude of ε varies greatly in different clouds and has a certain correlation with Nc, but the degree of correlation between the two parameters varies considerably (Martin et al., 1994; Grabowski, 1998; Rotstayn and Liu, 2003; Ma et al., 2010; Xie and Liu, 2013; Wang et al., 2021). Figure 9 shows the changes in relative dispersion (ε) with Nc, and LWC on 30 July 2020. the average ε in each 500 cm−3 Nc and each 0.5 g m−3 LWC bin, respectively, and the average ε is fitted as a fuction of Nc and LWC. The maximum, minimum, and average values of ε were 0.60, 0.29, and 0.44 ± 0.05, respectively. When LWC in the cloud was low, the corresponding Nc was low, and ε varied over a wide range of values (0.29–0.6). The region with larger LWCs in the cloud also had a higher Nc, indicating that more droplets were activated. The cloud thus grew more, leading to the narrow spectrum. Overall, ε tended toward a value of 0.5. similar results were reported by C. Zhao et al. (2006) and Deng et al. (2009).
[image: Figure 9]FIGURE 9 | Relative dispersion (ε) as a function of cloud droplet number concentration (Nc) (A), ε as a function of LWC (B) and ε as a function of Altitude (C), on 30 July 2020. Error bars in the picture (A) represent the standard deviation of average ε in each 500 cm−3 Nc bin, error bars in the r picture (B) represent the standard deviation of average ε in each 0.5 g m−3 LWC bin, and the red line represents the best fit.
The convergent relationship between ε and Nc (the convergence in the dispersion relation at high cloud droplet concentrations) was closely related to the Twomey effect (Figure 9A). When the cloud droplet concentration is high, the corresponding ε changes within a small range of values, and so is the uncertainty of the Twomey indirect effect, especially at high cloud droplet concentrations. The positive relationship between ε and Nc can be expressed as (Grabowski, 1998)
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Their relationship between ε and LWC is showed in Figure 9B. As the LWC increased, ε increased when the LWC is less than 0.7 gm−3, but decreased when LWC value is large than 0.7 gm−3. Their relationship can be expressed as
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Tas et al. (2012), Tas et al. (2015) also reported similar results, i.e., that LWC reached its maximum value in the core region of mature cumulus clouds and that ε converges.
The relationship between ε and altitude is showed in Figure 9C, showing that ε in the cloud first increased then decreased with increasing height. The peak value of ε appeared at 4,100 m.
Aerosol-Cloud Relationships and the AIE
Twomey (1977) proposed that given the same atmospheric conditions and when the cloud water content was constant, an increase in anthropogenic aerosol particles would lead to an increase in Nc and a decrease in the radii of cloud droplets. The larger number of smaller cloud droplets has a larger total surface area than a smaller number of large cloud droplets. An increase in aerosol particles will thus lead to an increase in the albedo of clouds and a decrease in the amount of solar radiation reaching the surface, i.e., the first AIE. Many observations support the cooling effect of the first AIE, but the magnitude of this effect has a large range (Feingold et al., 2003a; Rosenfeld and Feingold, 2003). Estimates of the first AIE from global climate models are often much larger than observations (Anderson, 2003).
The relationships between Na and Nc and between Re and Na were further examined (Figure 10). The relationship between Na and Nc can be fitted with the formula Na = 2.253×Nc 0.736, and that between Re and Na can be fitted with the formula Na = 17.863×Re −0.16. Similar to previous studies (Feingold, 2003b; Zhao C. et al., 2018; Y.; Wang et al., 2019), the aerosol first AIE, or Twomey effect, with respect to Nc and Re, i.e., AIEn and AIEs, respectively, can be expressed as
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[image: Figure 10]FIGURE 10 | Relationships between cloud droplet concentration (Nc) and aerosol concentration (Na) (A), cloud droplet effective radius (Re) and aerosol concentration (Na) (B), the frequency distribution and cumulative distribution function (CDF) of the measured LWC (C), and aerosol indirect effect (AIE) and dispersion offset as a function of LWC (D). The black solid line and the red line represent the aerosol indirect effects calculated by cloud droplet concentration (AIEn) and droplet effective radius (AIEs), the right y-axis represents the dispersion offset (Do, the blue dash line).
Here, βis the effective radius ratio to the droplet effective radius (Re) and volume mean radius (Rv) 9, it’s a function of the spectral dispersion ε of the cloud droplets (Martin et al., 1994). AIEn and AIEs were estimated to be 0.245 and 0.16, respectively. They are similar to the those estimated from observations in the North China Plain (Zhao C. et al., 2018), larger than those in eatern China (Wang et al., 2021). The second term on the right hand of Eq. 10 is called dispersion effect (De), which is the main reason for the difference between the two quantitative estimates of the first AIE (Anil Kumar et al., 2016; Wang et al., 2021). Using the ratio of dispersion effect on AIEn to measure the dispersion effect on AIEs is called the dispersion offset (Do, Liu and Daum, 2002; 2008). If the dispersion offset is negative, the dispersion effect counteracts AIEn, weakening AIEn, and if the dispersion offset is positive, the dispersion effect strengthens AIEn. In this study, the cloud droplet dispersion mainly attenuated the AIE by ∼34.7%.
In order to meet the premise that the water content is constant in the Twomey effect, the LWC should be classified into narrow intervals, but the sorting may lead to too few data samples. Figure 10C shows LWC frequency distribution observed in this study. It can be seen that there are few data records of LWC greater than 0.8 g m−3, and data records in each bin are less than 30. To ensure a certain number of data records, we only discussed the AIE with LWC in the range of 0.001–0.8 g m−3, and the aerosol number concentration and the cloud microphysical quantities (Nc and Re) were grouped according to different LWC. Figure 10D shows the changes of AIEn and AIEs with LWC. AIEn ranged from 0.15 to 0.34 with an average of 0.24, and AIEs ranged from 0.12 to 0.28 with an average of 0.21. On the whole, AIEn is larger than AIEs, especially in LWC in the range of 0.5–0.6 g m−3. The difference is most obvious, which is consistent with some previous findings (Feingold et al., 2003a; Twohy, 2005; Anil Kumar et al., 2016).
CONCLUSION
Aircraft measurements of aerosols and the macro- and microphysical properties of a continental cumulus cloud over the Loess Plateau in Shanxi Province of China were carried out in July 2020. Aerosol and CCN data at different levels from near the ground to up to 4500 m were analyzed in combination with back-trajectory simulations. Distinct aerosol sources in the boundary layer and in the free atmosphere were identified. Aerosols in the boundary layer were mainly from local urban emissions and composed of fine-particle pollutants. Aerosol particles above 4 km were mostly transported from deserts in northwest China and composed of submicron dust particles. Aerosol properties measured at the surface may thus provide misleading information about aerosol characteristics for aerosol-cloud studies. Unfortunately, this has been the case for the vast majority of previous aerosol-cloud-interaction (ACI) studies due to exceptional difficulties in making in-situ measurements of aerosol and cloud quantities, essential for investigating the ACI. Under low SS conditions, only accumulation-mode aerosols were activated. However, a large number of fine-mode aerosols were activated as SS increased. The finding underlines the importance of using observations of fine-mode aerosol particles and CCN at different SS levels near the cloud base when investigating the impact of aerosol on mid- or high-level clouds.
For investigating the ACI, a cumulus cloud in the developing stage was analyzed. LWC and Re increased with increasing height within the cloud, but no clear relationship was found with respect to Vv. Values of Nc ranged from 10 to 2,680 cm−3, the average Nc was 767.9 ± 634.5 cm−3; Re ranged from 2.16 to 7.65 μm, the average Re was 5.17 ± 1.08 μm. At the sub-cloud, about 36.76% of aerosol particles were activated to CCN at 0.2% SS, and about 38.4% of aerosol particles were transformed to cloud droplets. The SS in the cloud increased then decreased with increasing height, and the maximum SS was ∼0.7%, occurring at 1,300 m above the cloud base. The ratio of Nc to Na increases gradually with height inside the cloud. The AIE was estimated to be 0.245 and 0.16 based on Nc and Re, respectively. The cloud droplet dispersion mainly attenuated the AIE by ∼34.7%.
The in-situ concurrent measurements of aerosol and cloud quantities are very unique in studying aerosol properties and cloud microphysics, especially in terms of their vertical variations, which renders a rare opporuntiy to study the ACI. Having said this, it is admitted that the samples of our measurements are highly limited which may undermine the general validity of the quantitative estimates of the ACI. It is worthy noting that the experiment was well planned and pursued over a long period of time virtually thoroughout the summer of 2020 during which we conducted 6 flights in total, but it was proven exceptionally difficult to be able to fly under ideal meteorological conditions due to various constraints, some of which being out of our control. Nevertheless, we felt it a fortunate to have the one under study that did pose an opportunity to gain such insights into aersol, cloud and the ACI in a region that is heavily polluted from a variety of sources. As far as instrumentation is concerned, a lack of information on the aerosol chemical composition disallows us to directly study its impact on the ACI. We will take it into account in our future aircraft campaigns by incorporating integrating more instruments and acquire more samples.
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