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ABSTRACT 

 

 Cloud and aerosol data collected above, within and below clouds from six research flights 

during the ObseRvations of Aerosols above Clouds and their intEractionS (ORACLES) field 

campaign in September 2016 were used to determine how the microphysical properties of marine 

stratocumulus clouds over the South-East Atlantic varied depending on whether overlying 

biomass-burning aerosols were present immediately above, or separated from cloud tops. Forty 

vertical cloud profiles were classified into two regimes, Mixing and Separated, according to 

whether the plume of densest aerosols was mixing into or separated from cloud tops. A statistical 

analysis showed that more numerous and smaller cloud droplets were sampled in the mixing 

regime with the median Nc 100 to 150 cm-3 higher and the median Re 1.5 to 2 µm lower than the 

separated regime. In addition, the median liquid water content (LWC) near cloud base was 0.06 g 

m-3 lower while similar LWC was sampled within cloud and near cloud top the LWC was 0.08 g 

m-3 higher. Inhomogeneous mixing near cloud top led to a decrease in the total number 

concentration and LWC by up to 28% and 20% respectively and led to an increase in the median 

volume diameter up to 29 µm for the separated regime. These patterns were observed regardless 

of the large-scale meteorological conditions. Precipitation suppression was observed during the 

mixing regime as a lower probability of high drizzle (D > 50 µm) concentration (>0.1 cm-3) was 

observed during the mixing regime (0.2) compared to the separated regime (0.24).  
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CHAPTER 1: INTRODUCTION 

 

Clouds reflect shortwave solar radiation to space cooling the Earth, while absorbing longwave 

radiation and emitting at lower temperatures than the surface, warming the planet. If the nature 

of cloud-radiation interactions changes as greenhouse gases increase, there could be large 

impacts on global climate. For example, a 5% increase in shortwave reflection would 

compensate for the increase in greenhouse gases (CO2, CH4, etc.) since 1750 (Ramaswamy et al. 

2001).  

Globally, stratocumulus is the most common cloud type with low-lying stratiform clouds 

covering up to 30% of Earth’s ocean surface (Warren et al. 1988). Marine stratocumulus 

commonly form off western continental coasts in a boundary layer capped by a strong inversion 

and low clouds can exert a net negative forcing of up to -18 W/m2 on Earth’s radiation budget 

(Hartmann et al. 1992). The impact of clouds on radiation depends on the number, sizes and 

phases of cloud particles and their horizontal and vertical distribution. In turn, these properties 

depend on the numbers, sizes, composition and vertical distribution of aerosols, as well as on 

meteorological and environmental conditions. 

Increases in aerosols acting as cloud condensation nuclei (CCN) can increase cloud droplet 

concentrations and decrease drop effective radii. Under conditions of constant liquid water 

content, this would increase cloud optical thickness (COT) and shortwave reflectance (Twomey 

1974, 1977). However, COT depends on cloud liquid water content (LWC), depth and droplet 

sizes, which change with aerosol concentration and composition. COT can also decrease due to 

reduction of LWCs. Unless the overlying air is humid, LWC in stratocumulus (Ackerman et al. 

2004) and ship tracks (Coakley and Walsh, 2002) can decrease with higher droplet 
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concentrations due to enhanced dry air entrainment (Small et al. 2009; Rosenfeld et al. 2014), 

weakening the increase in COT associated with smaller droplets. The change in liquid water path 

(LWP) in polluted stratocumulus can also depend on their diurnal cycle. LWP for polluted 

clouds is greater during nighttime due to more efficient boundary layer mixing, but decreases 

faster during daytime due to boundary layer decoupling (Sandu et al, 2008). 

The presence of more numerous, smaller droplets in polluted clouds can inhibit drop 

coalescence, suppressing drizzle formation and precipitation efficiency. This can lead to clouds 

having higher LWP and longer lifetimes, increasing the shortwave forcing (Albrecht 1989). This 

assumes a monotonic, inverse relation between precipitation development and droplet 

concentration. However, precipitation development also depends on boundary layer 

characteristics such as stability, Convective Available Potential Energy (CAPE), Convective 

Inhibition (CIN), inversion strength, depth, etc. and its susceptibility to changes in aerosols can 

depend on effective radius (Rosenfeld et al, 2012) and cloud thickness (Terai et al, 2012). 

Aerosols can also invigorate convection, resulting in greater liquid water flux to higher altitudes 

and destabilization aloft due to the additional latent heat release (Koren et al, 2005; Rosenfeld et 

al, 2008). Further, precipitation susceptibility to aerosols depends on cloud dynamics and regime 

(Stevens and Feingold, 2009). There is a wide spread in the aerosol effects estimated by Global 

Circulation Models (GCM), ranging from -3 W m-2 to -1 W m-2 (Lohmann and Feichter, 2005) 

and cloud adjustments due to changes in thermodynamics and dynamics contribute the largest 

uncertainty in quantification of the change in Earth’s energy budget (Boucher et al, 2013). 

Biomass Burning (BB) aerosols have low single-scattering albedos and directly absorb 

shortwave solar radiation, exerting a positive radiative forcing at the top of the atmosphere. The 

associated warming can be amplified if the BB aerosols are present within the cloud, leading to 
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evaporation of cloud droplets, the so-called semi-direct effect (Hansen et al. 1997; Ackerman et 

al. 2000). Aerosols above a reflective cloud layer absorb more solar radiation than aerosols 

present below or within cloud, affecting atmospheric stability and cloud formation and 

maintenance (Haywood and Shine, 1997). This leads to a complex relationship between vertical 

aerosol profiles and cloud microphysics, so that both the magnitude and sign of the semi-direct 

forcing can vary due to an increase or reduction of cloud cover and albedo. For example, 

Johnson et al. (2004) used a large-eddy simulation (LES) model to show that whether absorbing 

aerosols were within, above or above and within the boundary layer (BL) had a significant 

impact on the magnitude and sign of the semi-direct forcing. Aerosols above the BL led to a 

stronger inversion and decreased entrainment, whereas those within the BL caused evaporation 

and decoupling of the BL. 

According to Koch and Del Genio (2010), absorptive heating from aerosols within cloud can 

burn off clouds, aerosols below cloud enhance convection and increase cloud cover, and aerosols 

above cloud stabilize the underlying layer and result in enhanced cloud cover due to reduced 

entrainment. Because of such effects, aerosols within cloud can have a positive semi-direct 

forcing, whereas those below cloud could have a negative forcing (McFarquhar and Wang, 

2006). Many large-scale models do not adequately consider cloud microphysical responses to the 

vertical profile of aerosol loading and their evaluation of aerosol effects on clouds has been 

limited (Hill et al. 2008). 

Because meteorological conditions affect cloud evolution, variations in environmental conditions 

also have an impact on how aerosols impact cloud properties. Aerosol loading is strongly 

governed by meteorological parameters such as wind speed, boundary layer stability and air-

mass history. Changes in the environment produced from changes in thermodynamic profiles and 
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cloud microphysics, in response to aerosol direct, semi-direct and indirect effects, can buffer or 

offset aerosol effects on clouds (Stevens and Feingold, 2009). Morrison and Grabowski (2011) 

showed that such changes in convection and cloud microphysics can feed back into cloud 

dynamics and microphysics, which then feed into cloud impacts on aerosols, which in turn affect 

cloud properties. Wet removal of absorbing aerosols by precipitation below cloud also affects 

these interactions (Rosenfeld et al, 2014). 

Satellite-based studies (Brioude et al. 2009; Chand et al. 2009; Constantino and Breon, 2013) 

have had difficulties quantifying cloud-aerosol interactions because of concerns about the 

accuracy of aerosol and cloud retrievals (Painemal and Zuidema, 2011), especially in locations 

where clouds are overlaid by aerosols (Haywood et al. 2004; Coddington et al. 2010). Although 

co-incident in-situ observations of aerosol characteristics and cloud properties exist (e.g., Durkee 

et al, 2000; McFarquhar and Heymsfield, 2001; Twohy et al, 2005), they have not adequately 

characterized the varying aerosol vertical structure and co-incident cloud properties. Such 

observations are needed to evaluate biases in remote sensing retrievals and better understand the 

aerosol effects and the associated feedbacks. 

The ObseRvations of Aerosols above Clouds and their intEractionS (ORACLES) project 

provides such airborne observations in the South-East Atlantic. Large aerosol optical depths 

overly a permanent stratocumulus cloud deck between July and October, serving as a natural 

laboratory for studying above-cloud aerosols and their interactions with clouds. Aerosols 

originating from biomass burning in Southern Africa are initially located at altitudes between 

2000 and 5000 m and descend and mix into the cloud with advection from the background 

westerlies off the coast of Africa (Haywood et al. 2004). The aerosol-cloud interactions 

introduce inter-model differences in the climatic effects of aerosols and induce biases in satellite 
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retrievals of clouds (Haywood et al, 2004) and aerosols in their vicinity (Wen et al, 2008; 

Marshak et al, 2008).  

Overall, ORACLES’ science goals include determination of the evolution and seasonal variation 

in aerosol properties and their vertical location, constraining aerosol-induced heating rates and 

their impact on cloud structure, and surveying the aerosol mixing into the BL and measuring the 

changes affected in cloud microphysics (Redemann, 2014). This paper presents in-situ 

observations of cloud microphysical properties from the marine stratocumulus over the South-

East Atlantic and their response to the overlying layer of aerosols according to the separation 

between the aerosol-cloud layers. The understanding gained from quantifying relationships 

between cloud and aerosol properties in this environment, where few previous in-situ 

observations exist, hence contributes to understanding aerosol indirect effects in a unique 

meteorological environment where variation in vertical locations of aerosols with respect to the 

cloud exists. 

The remainder of this thesis is organized as follows; Chapter 2 presents the instruments used to 

make these observations and describes their calibration and data quality. Chapter 3 shows a case 

study on cloud observations made during the 6 September 2016 flight. A statistical analysis in 

Chapter 4 categorizes the measurements from the case study and five other research flights into 

different regimes based on the vertical separation between aerosols and clouds, and the aerosol 

concentration. Chapter 5 summarizes the principal findings and offers directions for future work. 
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CHAPTER 2: INSTRUMENTATION AND DATA QUALITY 

 

In-situ and remote sensing data acquired during ORACLES 2016 are used to investigate how 

cloud properties change depending on the amount of mixing of aerosols into cloud top. The first 

Intensive Observation Period (IOP) for ORACLES was based out of Walvis Bay, Namibia 

between 27 August and 27 September 2016. The NASA P-3 and ER-2 aircraft used during 

ORACLES 2016 flew west of the African coast between 1° W to 15° E and 5° S to 25° S. The 

NASA P-3 aircraft was equipped with in-situ probes for measuring aerosol and cloud properties, 

along with remote sensing instruments for radiative measurements and aerosol and cloud 

retrievals.  

The P-3 data from several probes are used in this study. For measuring the droplet number 

distribution function n(D), the P-3 was equipped with a Cloud and Aerosol Spectrometer (CAS) 

measuring particles with maximum dimension (D) between 0.51 to 50 µm (Baumgardner et al. 

2001), a 2D-Stereo probe (2D-S) nominally sizing particles with 10 µm < D < 1280 µm (Lawson 

et al. 2006), a Cloud Imaging Probe (CIP) for 25 µm < D < 1600 µm (Baumgardner et al. 2001), 

and a High Volume Precipitation Sampler (HVPS-3) for 150 µm < D < 1920 µm (Lawson et al. 

1998). The P-3 was also equipped with a Cloud Droplet Probe, CDP which became unaligned 

due to a loose screw and hence its data are unusable for this campaign. 

Bulk liquid water content (LWC) was measured by a King hot wire (King et al. 1978) and a hot 

wire probe installed as part of the Cloud, Aerosol, and Precipitation Spectrometer (CAPS) which 

also consisted of the CIP and CAS. An Ultra-High Sensitivity Aerosol Spectrometer (UHSAS) 

measured the aerosol n(D) for 0.06 < D < 3 µm (Cai et al. 2008) and a Passive Cavity Aerosol 

Spectrometer Probe (PCASP) measured the aerosol n(D) for 100 nm < D < 3 µm (Strapp et al. 
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1992). The Turbulent Air Motion Measurement System (TAMMS) measured wind speeds at a 

temporal resolution of 20 Hz. Bulk sub-micron aerosol composition was measured at 0.2 Hz by 

an Aerodyne Time of Flight Aerosol Mass Spectrometer (ToF-AMS) and Aerosol Optical Depth 

(AOD) above the location of the aircraft was retrieved at 1 Hz by the Spectrometer for Sky-

Scanning, Sun-Tracking Atmospheric Research (4STAR) on board the NASA P-3. Data 

collected by the P-3 included temperature measured using the aircraft Rosemount 102 total 

temperature sensor, dew point measured using an EdgeTech 137 chilled-mirror hygrometer and 

latitude and longitude measured by an inertial navigation system. 

Baumgardner et al. (2017) discuss how the cloud probes used in this study function, along with 

their strengths and limitations. McFarquhar et al. (2017) summarize the basic algorithms used to 

process data from these probes. This section describes the methodology for combining data from 

these probes into a single product for characterizing cloud properties, along with the associated 

calibrations, data checks and quality controls conducted. 

Data from the CAPS, namely the CAS, CIP and hot-wire probes are not available before PRF05, 

the fifth P-3 research flight on 06 September 2016, because the electronics board was improperly 

seated before that time. This, combined with the failure of CDP during ORACLES 2016, meant 

that no information on n(D) for droplets with D < 50 µm was available for the first four flights. 

Hence, data from these flights are omitted from subsequent analyses. 

Calibration of the PCASP and CAPS probes was performed at Droplet Measurement 

Technologies, Inc., before the Intensive Observation Period (IOP). The PCASP was calibrated by 

passing polystyrene latex (PSL) beads, room air and filtered air through the inlet of the probe, 

while the CAPS was calibrated using PSL and glass beads. Cleaning and electronic maintenance 

of the CAPS was also performed. Power terms for the King hot-wire needed to calculate the 



8 
 

LWC were calibrated by relating the dissipated heat loss to the analog output voltage according 

to the energy equations described by King et al. (1978). 

Calculation of n(D) from data collected by cloud probes requires the best possible estimate of 

true air speed (TAS) entering the probe sample volume. There are uncertainties in TAS because 

the air flow into the probes may differ from the TAS measured by the aircraft system probe 

mounted on the fuselage. This can occur due to compression of air ahead of the probes (e.g., 

Weigel et al. 2016) or due to perturbations of the air flow at specific locations around the aircraft 

induced by flow around the aircraft itself. Although mounting clouds probes on struts attached to 

the wings is regarded as best practice (Afchine et al. 2017), the location of the ORACLES probes 

directly underneath the wing of the NASA P-3 (Figure 1) rather than slightly ahead of its leading 

edge as on the NOAA P-3 (e.g. McFarquhar et al. 2007), suggests the air flow around the wings 

could have affected cloud sampling by the probes. 

A Pitot tube alongside the CIP measured TAS, which was about 20% lower than the system 

TAS. Although there is some uncertainty if this TAS measurement from the CAPS accurately 

represents the flow through the instruments (Lance et al. 2010, Johnson et al. 2012), this TAS is 

used to process data from the PCASP, CAPS and King hot-wire in the absence of any better 

information. The Airborne Data Processing and Analysis, ADPAA processing package (Delene, 

2011) was used to process these data using the CAPS TAS. The 2D-S and HVPS-3 data were 

processed with the system TAS using the University of Illinois/Oklahoma Optical Probe 

Processing Software (UIOOPS, McFarquhar et al. 2017) because no measurement of the TAS at 

the location of those probes is available. 

Droplets shadow elements of a photodiode array on optical array probes (OAPs, i.e., CIP, 2D-S, 

HVPS-3) when passing through the probe sample volume, causing a reduction in the laser power 
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detected by the photodiode receivers. If aerosols deposit on a probe’s optical lenses, false 

identification of droplets can occur due to a stuck or continuously shadowed diode. Because 

frequent flights through plumes of absorbing aerosols occurred during ORACLES 2016, aerosols 

did deposit on the optical lenses of these probes, leading to a degradation of probe performance 

during the course of flights. To minimize the impact from these stuck bits, all lenses were 

carefully cleaned with isopropyl before each flight. Further, the voltages across probe 

photodiodes were monitored during flights. If the voltages decreased due to aerosol deposition, 

the laser power was reset, and the stuck bits masked so that data from that photodiode were 

ignored.  

The 2D-S probe was tested at the Stratton Park Engineering Company, SPEC laboratory after the 

IOP and aerosol deposition was observed on the inside of the receive side mirror for the vertical 

channel (Figure 2). This led to decreased diode voltages during the experiment and hence only 

data from the horizontal channel are used in this analysis. Although the voltages from the 

horizontal channel were higher (e.g., between 1 and 2.5 V), there were time periods when some 

of the bits were masked and images that did not represent real particles (henceforth artifacts) 

were still recorded. To eliminate these artifacts, data from stuck diodes (i.e. diodes shadowed for 

more than 20% of the flight time) are ignored. After removing these diodes, there are still 

particles with D>50 µm that appear due to stuck diodes and these artifacts (Figure 3a) are 

rejected using an aspect ratio threshold of 4. An area ratio (Heymsfield and McFarquhar 1996, 

the projected area of a particle divided by the area of circle with diameter equal to the maximum 

dimension of the particle) threshold of 0.5 is also used to reject the elongated particles seen in 

Figure 3b that are indicative of multiple stuck diodes. 
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Artifacts associated with the generation of artificially high number of small ice crystals by the 

shattering of large ice crystals on probe tips have been observed in past studies. While processing 

OAP data, these artifacts are typically identified as particles that have times between their arrival 

in the probe sample volume (henceforth inter-arrival times) less than some threshold (e.g., Field 

et al. 2003, 2006). Although ice particles were not sampled during ORACLES 2016, an 

analogous approach is used to reject any particles that have interarrival times less than 6 µs as 

this is indicative of intermittently stuck diodes (Figure 3c). The thresholds and criteria used for 

determining these artifacts were chosen after careful examination of several particles and tests of 

varying thresholds. Out-of-focus hollow particles (Figure 3d) are accepted if they pass the 

rejection criteria and are reconstructed according to the Korolev (2007) algorithm. 

Fifteen P-3 research flights (PRFs) were conducted during ORACLES 2016 representing a total 

of 108 flight hours. The temporal resolution of the collected data is 10, 10 and 25 Hz for the 

CAPS, PCASP and King hot-wire, respectively, which are averaged to 1 Hz, corresponding to a 

spatial resolution of approximately 150 m as dependent on the TAS. Throughout this study, a 

cloud is defined as Nc > 10 cm-3 and LWC > 0.05 g m-3 (Lance et al. 2010, Bretherton et al. 

2010a). Data from six flights when at least 1000 s were spent in cloud and at least three 

maneuvers were conducted to examine the vertical variation of cloud properties (Table 1) are 

analyzed. Cloud sampling included ascents or descents through cloud along a constant heading, 

henceforth called vertical cloud profiles, sawtooth profiles (ramped legs starting above or below 

cloud, including a series of ascents and descents through cloud) and level legs through cloud. 

The total droplet concentration Nc, effective radii Re and liquid water content LWC are 

determined by merging CAS size distributions for cloud droplets with diameters between 3 and 

50 µm and 2D-S size distributions for diameters between 50 and 1280 µm. Droplets with D > 
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1280 µm measured exclusively by the HVPS-3 had very low concentrations (droplets with 

D>1280 µm were observed only during three cloud legs, and for less than 10 s during those legs) 

and hence are not included in the quantitative analysis.  

Closure tests comparing the bulk LWC against that derived from the merged n(D) assess the data 

quality and check for calibration shifts during the experiment. Because the King hot-wire has 

reduced response for diameters below 12 µm and above 40 µm (Biter et al. 1987, Strapp et al. 

2003), the bulk LWC is compared against the LWC derived by integrating the droplet mass 

distribution for 12.5 < D < 40 µm. These measurements were strongly correlated with R=0.77 

and a best-fit slope = 0.65 across the six flights. Figure 4 shows the scatter plot comparing the 

LWC measurements on PRF13 where each point represents a 1 s average, colored by the droplet 

concentration for 12.5 < D < 40 µm. The King hot-wire has a sensitivity of 0.02 g m-3 with 5% 

accuracy at 1 g m-3 (King et al. 1978) and data points with King LWC < 0.05 g m-3 are removed. 

Throughout this study, D > 3 µm is used as the size threshold for defining cloud droplets. 

When the bulk LWC was compared against the LWC derived by integrating the mass computed 

from the droplet size distributions for D > 3 µm, the correlation between the measurements 

decreased by 11% on average from that computed using 12.5 < D < 40 µm (Table 2). The LWC 

estimated from the size distribution with D > 3 µm overestimated the King LWC for up to 30% 

of the time. This is most likely because the hot-wire has a decreased collision efficiency for 

smaller droplets. In fact, these overestimates were most common whenever the concentration for 

drops with D < 12.5 µm, N(D<12.5) was greater than 400 cm-3. For times with N(D<12.5) > 400 

cm-3, the LWC from the size distributions with D > 3 µm overestimated the King probe LWC by 

60%, averaged over all six flights. 
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CHAPTER 3: CASE STUDY: 6 SEPTEMBER 2016 

 

3.1. FLIGHT TRACK AND MODULES 

Figure 5 shows a Spinning Enhanced Visible and Infrared Imager (SEVIRI) visible image of the 

cloud field over the southeast Atlantic at 14.00 UTC on 6 September 2016. The flight track for 

the fifth P-3 research flight (henceforth, PRF05) is overlaid. Locations of the sawtooth profiles, 

termed S1 to S4 in chronological order, and individual vertical profiles through cloud, P1 to P4, 

are also indicated. This section examines data collected during these vertical profiles together 

with in-situ and remotely sensed aerosol data collected immediately before and after the profiles 

to characterize the relationship between aerosol and cloud properties. This flight was designed to 

explore cloud-aerosol interactions. Although the ER-2 did not operate on this day, PRF05 is 

chosen for detailed analysis because it included more time sampling clouds than other flights. 

Figure 6 shows the altitude flown by the P-3 as a function of time for PRF05, colored by the 

aerosol concentration (measured by the PCASP for accumulation-mode aerosols, 0.1 < D < 3 

µm) Na. The PCASP Na was, on average, a factor of 2 less than the concentration measured by 

the UHSAS, with the number distribution function, n(D) below 300 nm especially 

underestimated by a factor of 3 to 5 (Figure 7). It is suspected that the PCASP was biased low 

compared to the UHSAS because the total concentrations measured by the PCASP on the NASA 

P-3 were lower on average than those measured by the PCASP on the BAe146 on 18 August 

2017 during the second phase of ORACLES by about a factor of 3, similar to the difference with 

the UHSAS. Thus, due to the uncertainty in PCASP Na, the values should not be used 

quantitatively but can still be used to compare aerosol concentrations in different locations for 

identification of the location of the aerosol plume. 
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A flight module consisting of four legs flown between 08:20 and 09:00 UTC consisted of the 

following components: a 10-min constant altitude leg (L1) starting at 08:20 UTC at about 150 m 

above the ocean surface to sample aerosols in the marine boundary layer (MBL); after ascending 

through the boundary layer, a constant altitude leg (L2) at 850 m sampling clouds in-situ for 10 

min ending at 08:40 UTC; a 5-min leg (L3) about 100 m above cloud top, at 1100 m, starting at 

08:41 UTC, enabling retrieval of above-cloud Aerosol Optical Depth (AOD) with 4STAR and 

in-situ sampling of aerosols with the PCASP, UHSAS and AMS; and a sawtooth pattern (S1) 

between 08:46 and 08:57 UTC, when multiple vertical profiles were flown from approximately 

200 m below cloud base to 100 m above cloud top, to document changes in cloud microphysical 

properties with height. 

A similar module was repeated three more times during the flight, with slight variability in the 

duration of each leg. These modules can be seen in Figure 6 between 09:50 and 10:20 UTC, 

10:20 and 11:20 UTC, and 12:40 and 13:30 UTC. These modules were separated by other legs, 

such as vertical profiles through the overlying biomass burning aerosol plume (e.g., between 

09:00 and 09:05 UTC) and constant altitude legs through the level of maximum aerosol 

concentration observed during the profile (e.g., between 09:05 and 09:25 UTC at 2500 m). 

Individual profiles sampling clouds, P1 to P4, were flown when sampling the atmospheric 

column between the MBL and the aerosol plume. The timing of these profiles used to identify 

the vertical locations of the cloud and aerosol layers are listed in Table 3.  

S1 and S2 were conducted when the P-3 was heading north, and S3 while heading south, all 

along 9E in closed cells of optically thick marine stratocumulus (Figure 5). S4 was conducted 

later in the day, between 13:15 and 13:30 UTC, and closer to the coast, while heading southeast 

in optically thinner stratocumulus. The range of cloud optical thickness (COT) retrieved by the 
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MODerate-resolution Imaging Spectroradiometer (MODIS) on board the Aqua satellite at 13 

UTC (worldview.earthdata.nasa.gov) is consistent with COT calculated by integrating the cloud 

extinction derived from the merged CAS and 2D-S size distribution (Table 3). The presence of 

high clouds restricted the COT retrieval for S1. 

3.2. MESOSCALE FEATURES 

Figure 8 shows the European Centre for Medium-Range Weather Forecasts (EMCWF) 

reanalysis for mean sea level pressure, 500mb geopotential height and surface wind at 12:00 

UTC on 6 September 2016 and Figure 9 shows the reanalysis for boundary layer height, and 

relative humidity (RH), geopotential height, and winds at 925mb. South-southeasterly winds 

with wind speeds between 5 and 8 m s-1 were observed at the surface and at 925mb, associated 

with a low-pressure system at the surface, east of the study region, centered at 17° S and 13° E. 

This wind resulted in advection of the low-level clouds toward the northwest during the day.  

SEVIRI images show open- and closed-cells of stratocumulus occurring over the study region. 

Closed cells are typically observed when warm air overlies colder ocean water while open cells 

are typically observed where cold air overlies warmer water (Comstock et al. 2005). Due to the 

advection of cold, dry continental air from the southeast, a thinner boundary layer was sampled 

closer to the coast (Figure 9). This led to cloud thinning, especially south of 19° S, where open 

cellular structure was observed, and optically thinner stratocumulus clouds were sampled during 

S4. A positive gradient in 500mb geopotential heights and RH toward the north, suggests warmer 

air was present where closed cellular structures were sampled, e.g., during S2 and S3. Pockets of 

open cells (POCs) were observed in the study region, persisting throughout the day. S1 and S2 

were flown within closed cells while S3 was flown near a POC boundary, however, the clouds 

sampled during S3 lied outside it, and within a closed cell.  
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3.3. AEROSOL COMPOSITION AND AIR-MASS HISTORY 

The National Oceanic and Atmospheric Administration Hybrid Single Particle Lagrangian 

Integrated Trajectory (NOAA HYSPLIT) model (Stein et al. 2015) is used to generate back-

trajectories shown in Figure 10 using the National Center for Environmental Prediction Global 

Forecast System (NCEP GFS) model fields. Altitudes selected for these back-trajectories for S1, 

S2 and S3 correspond to cloud base and top heights (500 m and 1000 m) and 2500 m, the latter 

corresponding to the location of constant altitude legs (e.g., between 11:40 and 11:50 UTC) 

flown to sample a layer of high aerosol concentration (Figure 6). Nam shown in Figure 11 are 

obtained from the NASA Global Modeling and Assimilation Office Goddard Earth Observing 

System Model Version-5 (GMAO GEOS-5) reanalysis valid at 12:00 UTC at 925mb. 

Figure 10 shows five-day back-trajectories for S1 to S3, ending at 10:00 UTC, and for S4 ending 

at 13:00 UTC (since S4 was flown later in the day) on 6 September 2016. Figure 11 shows the 

Nam reanalysis for dust and organic carbon (OC) at 925mb height, adjacent to cloud tops for S1, 

S2 and S3, and 300 m above cloud tops for S4. Figure 12 shows in-situ sampled Nam for organic 

carbon (OC), ammonium (NH4
+), nitrates (NO3

-) and sulfates (SO4
2+) as a function of height, 

measured by the AMS, for one select profile during each of the sawtooths. Figure 13 shows the 

total Nam measured by the AMS as a function of altitude for all aerosol types combined for the 

same profiles. Figure 14 shows Nam based on aerosol type, sampled in-situ using the AMS as a 

function of the aircraft altitude and time during PRF05.  

The air-masses near cloud base and top for S1 were both advected from the MBL in the 

southeast (green, Figure 10a, b). The Nam reanalysis showed high dust and low OC near cloud 

top, and the in-situ sampling found decreased Nam (<5 µg m-3, Figure 13) relative to below cloud 

base, comprising of OC (<5 µg m-3) and SO4
2- (<2 µg m-3), shown in Figure 12. The air-masses 
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below cloud base for S1, S2 and S3 originated in the MBL southeast of the study region (Figure 

10a) and the sampled air had low Nam (<10 µg m-3, Figure 13), primarily comprising of OC and 

SO4
2+. While the air mass originated in the MBL for S4 as well, it was advected from the east 

and observed to have lower Nam (<2 µg m-3) compared to other profiles. For each sawtooth, the 

air mass below cloud base originated from the MBL, advected from the southeast of the study 

region by the southeasterly surface winds and did not originate over the African continent. 

Near cloud tops, aerosol composition and Nam varied between profiles based on the air-mass 

back-trajectory and source region. When the air-mass originated from the African continent, i.e., 

for S2 and S3 (Figure 10b), higher Nam (20 to 40 µg m-3) was sampled, primarily consisting of 

OC (20 to 30 µg m-3) and SO4
2- (5 to 10 µg m-3) with traces of NH4

+ and NO3
-, less than 3 µg m-

3. In addition, the reanalysis showed negligible dust (<5 µg m-3) and higher OC (15 to 30 µg m-

3). In comparison, the air mass near cloud top for S1 originated from the MBL in the southeast.  

Lower Nam (<5 µg m-3) was sampled, primarily consisting of comprising of OC (<5 µg m-3) and 

SO4
2- (<2 µg m-3), with the GEOS-5 reanalysis showing higher dust Nam (15 to 25 µg m-3) with 

negligible OC (<5 µg m-3, Figure 12). In case of S4, the air mass above cloud top originated from 

the MBL but likely underwent mixing with the aerosol plume as suggested by the trajectory and 

aerosol composition. 

Aerosols above cloud tops, originating from the African continent, represent biomass burning 

products, comprising of high OC. Maximum values of aerosol concentration (measured by the 

PCASP for accumulation-mode aerosols, 0.1 < D < 3 µm) Na, were sampled during constant 

altitude legs at about 2500 m, e.g., between 09:00 and 09:30 UTC after S1, between 11:30 and 

12:00 UTC after S3, and between 13:30 and 14:00 UTC after S4 (Figure 6). The back-

trajectories from S3 and S4 suggest the aerosols at this altitude originated from the African 



17 
 

continent (Figure 10 c, d) and the aerosol composition is dominated by OC (Figure 14). 

Although, the air-mass at 2500 m, above S1, advected from the west of the study region (green, 

Figure 10c), the aerosol composition is similar to that above S3 and S4 (OC > 20 µg m-3 with 5 < 

SO4
2- < 10 µg m-3), suggesting this air-mass underwent mixing with the aerosol plume and had 

more aged aerosols compared to the other profiles. 

The aerosol composition and mass concentration (Nam) for an air mass depend on its trajectory 

and source region. Air-mass history determined using back-trajectories explains the variation 

observed between sawtooth profiles in both above-cloud (reanalysis and in-situ) and below-cloud 

(in-situ) aerosol composition and Nam. Further, air-mass history was combined with aerosol 

composition to determine the aerosol source. Similar aerosol composition, indicative of biomass 

burning products, was sampled above cloud tops for S2, S3 and S4. The aerosol composition 

below cloud base differed from that above cloud tops and it was observed that biomass burning 

aerosols were not present below cloud base during these profiles. 

3.4. SAWTOOTH PROFILES AND REGIME CLASSIFICATION 

Figure 15 shows the P-3 altitude as a function of time for the four sawtooth profiles, S1, S2, S3 

and S4, colored by the King LWC. For example, six individual profiles were obtained during S4 

and labeled as ‘4a’, ‘4b’, etc. These profiles lasted between 90 and 150 seconds each, 

corresponding to a horizontal distance between 10 and 17 km and a vertical ascent/descent rate 

of 5 m/s during each profile. Cloud base and cloud top are identified as the minimum and 

maximum altitude satisfying the criteria identified to define cloud (LWC > 0.05 g m-3 and Nc > 

10 cm-3). The thickness of the cloud deck, ΔZ, is then calculated and ranged between 207 and 

281 m, giving an average thickness of 245 m (Table 3). The clouds sampled during S4 in the 

open cells were thinner and lower (cloud base below 300 m) than those sampled during S1 to S3 



18 
 

(cloud base above 500 m) because cold air advection (Figures 8 and 9) led to a deeper boundary 

layer further north and away from the coast. 

Figure 16 again shows the altitude flown during S1, S2, S3 and S4 (and two minutes before and 

after), except this time the points are colored by the PCASP Na. The Na for time periods 

identified as in-cloud are not shown because of the potential for contamination by cloud droplet 

shattering during these periods. Using the cloud base and top identified using the cloud 

thresholds, a vertical gap of about 200 meters is identified between the cloud deck and the level 

of enhanced Na > 100 cm-3 overlying the cloud deck for S4, but not for S1, S2 and S3. This 

indicates that the two layers were separated during S4 and hence it was unlikely that a lot of 

aerosols were mixing into cloud from above. 

Figure 17 shows Nc and PCASP Na measured during the fifth vertical profile for S1 to S4, as a 

function of altitude. The blue dashed lines indicate cloud base and top, and the red dashed line 

indicates 100 cm-3. Each point represents a 1s average, or approximately 150 m. For the fifth 

profile on S1, S2 and S3, Na > 100 cm-3 adjacent to the cloud top showing a thicker plume of 

aerosols is mixing into the cloud deck than for S4 when Na < 20 cm-3 was immediately adjacent 

to cloud top. The maximum AOD retrieved by 4STAR within five minutes before and after a 

cloud profile, are averaged and listed in Table 3. With a TAS of 150 m/s, this represents the 

maximum AOD measured within 45 km of the cloud horizontally. The AOD for sawtooth 4 

(0.41) suggests that although the aerosol concentrations were very low immediately above cloud 

tops, the aerosol plume was present above the cloud deck and separated from it. This is also 

supported by the in-situ measurement of Na > 100 cm-3 about 200 m above cloud top during S4. 

Similar observations from other profiles during the sawtooth legs show mixing of a heavy plume 

of large aerosol concentrations at cloud top for S1, S2 and S3, and separation between layers for 
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S4. The first three sawtooth profiles flown in PRF05 are hence categorized as “mixing” since a 

heavy aerosol plume is likely being entrained into cloud top while sawtooth 4 is categorized as 

“separated” since no aerosols with concentrations greater than 100 cm-3 are adjacent to within 

100 m of cloud top, and hence are unlikely to be mixed in. 

3.5. VARIATION IN CLOUD PROPERTIES WITH HEIGHT 

Trends in the change in Nc, Re and LWC calculated from the merged CAS and 2D-S size 

distributions with height, observed during the vertical profiles from PRF05, are shown in Figures 

18, 19 and 20. Initially, Nc increases with height above cloud base as droplet nucleation occurs 

within updrafts, and as droplets continue to ascend, fewer nucleate as the supersaturation ceases 

to increase and hence the critical supersaturation of smaller droplets is not reached. There are 

some fluctuations due to mixing and occasional nucleation events. The Re and LWC increase 

with height due to the condensational growth of droplets and the collision-coalescence process. 

During some of these profiles (e.g., S1d, P1, P3), a large variation in Nc and Re was observed 

near cloud base for small LWCs. For S1d, this layer extended from 550 to 680 m and the vertical 

change in cloud properties for this profile is further examined in Figure 21. Nc increased from 10 

cm-3 at 550 m to about 600 cm-3 at 600 m and varied between 200 and 600 cm-3 up to 680 m. The 

Re decreased from 14 µm at 550 m to about 4 µm at 600 m and varied between 3 and 8 µm up to 

680 m. Small LWCs (< 0.05 g m-3) were sampled up to 600 m and varied between 0.05 and 0.1 g 

m-3 up to 680 m. Figure 22 shows the size distribution for this profile as a function of altitude. 

Large cloud droplets (D > 20 µm) were observed between 600 and 680 m with a number 

distribution function greater than 0.1 cm-3, suggesting this layer was associated with larger cloud 

droplets falling out of cloud since its unlikely these droplets formed near cloud base. The number 

distribution function for droplets with 3 < D < 8 µm, n(3< D < 8 µm) was close to 100 cm-3 
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between 600 and 680 m and decreased to about 10 cm-3 below 600 m. This suggests droplet 

scavenging by the precipitating droplets, causing the decrease in Nc and increase in Re below 600 

m. Condensational growth of droplets with D < 10 µm above 680 m can be seen in Figure 22 and 

combined with the collision-coalescence process, led to the formation of larger droplets (D > 20 

µm) which then fall out. 

During each cloud profile, Nc and LWC decreased near cloud top (Figures 18 and 20) likely due 

to the entrainment of dry air and subsequent mixing of sub-saturated air into the cloud. Previous 

studies (Burnet and Brenguier, 2007; Lu et al., 2011) have described two models for 

entrainment-mixing processes near cloud top, namely, homogeneous and inhomogeneous 

mixing, and found inhomogeneous mixing within stratocumulus clouds. These models are based 

on the relative time scales for droplet evaporation and homogenization of a diluted cloud 

volume. When mixing between droplet-free air and the cloudy air occurs slowly, droplets 

surrounding the sub-saturated air evaporate completely. Meanwhile, the remaining cloud droplets 

maintain their size as the diluted air moistens due to droplet evaporation. Consequently, Nc 

decreases but the mean volume diameter (Dv) remains unchanged and hence a plot in the Nc – Dv 

phase shows a range of Nc values for relatively unchanging Dv. This process is termed as 

inhomogeneous mixing. 

Figure 23 shows Dv for each profile plotted as a function of Nc, for the upper half of the cloud 

deck. During S1, S2, P1 and P4, similar Dv were measured for Nc ranging from 10 to 1000 cm-3 

indicating inhomogeneous mixing. However, a negative Dv-Nc correlation was observed for the 

remaining profiles as Dv increased when Nc decreased, e.g., during S3, 10 < Dv < 15 µm was 

measured for Nc > 200 cm-3 while Dv up to 20.5 µm was measured for Nc < 200 cm-3. Figures 24 

and 25 show the size distribution for P1 and P3 respectively, as a function of altitude. 
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Inhomogeneous mixing was observed during P1 and the concentration for smaller droplets, n(D 

< 10 µm) decreased above 750 m, and the concentration for larger droplets, n(D > 20 µm) 

decreased above 800 m. In contrast, during P3, only the smaller droplets evaporated, as n(D < 10 

µm) is observed to decrease above 800 m, while the concentration of larger droplets (D < 10 µm) 

increased. Consequently, a negative Dv-Nc correlation was observed for this profile. 

Past studies (e.g., Burnet and Brenguier (2007), Lehmann et al. 2009) have explained the 

negative Dv-Nc correlation as a continuation of the inhomogeneous mixing process, termed as 

"inhomogeneous entrainment mixing with subsequent ascent" (Lu et al., 2011). As the diluted 

cloud volume undergoes lifting, larger cloud droplets grow faster due to decreased competition 

for water vapor made available by droplet evaporation. This is supported by the observation of 

n(D > 20 µm) increasing above 850 m during P3, while n(D > 20 µm) was decreasing above 800 

m during P1. 
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CHAPTER 4: STATISTICAL ANALYSIS OF MULTIPLE FLIGHTS 

 

Two types of flights were conducted during ORACLES 2016, routine flights (RF) and target-of-

opportunity flights (TF). During RFs, the NASA P-3 would take off from Walvis Bay, Namibia 

and fly in a northwest direction toward 10˚S, 0˚E, returning along the same path. The purpose of 

these flights was to study the spatial extent and aging of the aerosol plume advected westward 

off the African coast along with its effect on the underlying clouds (Redemann, 2014). During 

TFs, a different flight track was flown depending on meteorological conditions and flight 

objectives. A statistical analysis is used in this chapter to determine how the change in the 

vertical location of biomass burning aerosols above cloud tops is correlated with the change in 

microphysical properties of the clouds. 

Data from six flights when at least 1000 s was spent in cloud and at least three cloud profiles 

examining the vertical variation of cloud properties were conducted (Table 1) are analyzed. The 

flights were flown on 6, 10, 12, 14, 20 and 25 September 2016 and include three RFs and three 

TFs. The total flight time across the flights was 49.8 hours which included 4 hours of in-situ 

cloud sampling (Table 4). Forty cloud profiles flown between 10° S to 20° S and 0° to 12° E 

were identified from these flights and Figure 26 shows the six flight tracks with the locations of 

the cloud profiles. 

Forty cloud profiles from the six flights were categorized into one of two regimes, mixing and 

separated, as described in Chapter 3. The altitude flown by the aircraft plotted as a function of 

time, and the droplet and aerosol concentrations (Nc and Na) measured before, during and after 

each profile, were used to identify the vertical location of the heavy aerosol plume relative to the 

cloud deck, as shown in Figure 16 from PRF05. Nc and Na profiles plotted as a function of 
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altitude (Figure 17) were also used to identify profiles with enhanced aerosol concentration (Na > 

100 cm-3) adjacent to cloud tops. For profiles with Na > 100 cm-3 within 100 m above cloud tops, 

it is likely that the heavy plume of aerosols entrained into the cloud tops and hence these profiles 

were categorized as “mixing”. Sixteen “mixing” profiles were identified from four different 

flights, and the remaining twenty-four profiles were categorized as “separated”, with at least one 

“separated” profile sampled during each flight, except during PRF11 (Table 4). 

Of the forty cloud profiles analyzed, only two profiles had AOD below 0.25 (0.14 for P1 from 

PRF05 and 0.1 for P1 from PRF07), which suggests the aerosol plume was present above the 

cloud deck during all other profiles, regardless of its vertical location or separation from the 

cloud deck. Consequently, profiles with low (less than 100 cm-3) aerosol concentration up to 100 

m above cloud tops are categorized as “separated”. 

Meteorological conditions similar to PRF05 were observed during PRFs 7, 8 and 9. As described 

in the previous chapter, south-southeasterly winds were observed at the surface and 925mb 

height, associated with a surface low-pressure system, east of the study region over the continent. 

Surface wind speeds were between 5 to 10 m s-1, depending on the pressure gradient between the 

surface-low and a surface-high, located south-west of the study region over the ocean. A region 

of low RH at 925mb height was observed, closer to the coast, due to the advection of dry 

continental air into the study region. Because the meteorological conditions were similar on these 

four flights, any differences in the vertical profiles of cloud properties can be attributed to local 

differences in aerosol properties and local environmental conditions such as humidity, updraft 

velocity, stability, and inversion strength and height. 

The RF flown on 10 September 2016 (PRF07) included seven vertical cloud profiles and one 

sawtooth profile. These profiles were flown between 16° S 6° E and 14° S 4° E between 10 and 
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13 UTC. The AOD above cloud measured by 4STAR was greater than 0.25 before or after all 

profiles, except for profile 1, which had an AOD of 0.1. This suggests an aerosol plume was 

present above all profiles, except for the first. For each of these profiles, the PCASP Na profiles 

(like Figure 17) suggest the aerosol concentrations adjacent to cloud tops were below 100 cm-3, 

and hence the aerosol plume was separated from the cloud deck. Therefore, the eight profiles 

from this flight are categorized as “separated”. 

The RF flown on 12 September 2016 (PRF08) included two vertical cloud profiles and one 

sawtooth profile. These profiles were flown between 9.5° and 13° S and 0° and 3° E between 11 

and 12.30 UTC. The AOD calculated for the profiles were 0.29, 0.3 and 0.3, suggesting that an 

aerosol plume was present above the clouds sampled. The Na was greater than 300 cm-3 adjacent 

to cloud top for the first vertical profile, suggesting the plume was mixing into the cloud and 

hence this profile was categorized as “mixing”. For the sawtooth, and the second vertical profile, 

low aerosol concentrations were observed adjacent to cloud top. Because Na < 100 cm-3 for at 

least 100 m above cloud tops for these cases, they are categorized as “separated”. 

The objective for the TF flown on 14 September 2016 (PRF09) was to collect radiative 

measurements closer to the coast. The flight track (black, Figure 26) comprised of two 

meridional legs, flown between 16° and 18° S, along 7.5° E and 9° E. Eight vertical cloud 

profiles were flown during the flight with three profiles between 16° and 17° S along 7.5° E, and 

five profiles between 17° and 18° S along 9° E. The AOD calculated for the profiles ranged 

between 0.3 and 0.4. Twelve vertical profiles through the aerosol layer were flown during this 

flight. Na > 100 cm-3, indicative of polluted conditions, was sampled only above 2000 m above 

sea level with cloud tops below 1000 m above sea level for each profile. Therefore, all eight 

profiles from this flight were categorized as “separated”. 
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A TF was flown on 20 September 2016 (PRF11) with the objective of collecting radiative 

measurements. The flight track (magenta, Figure 26) was similar to the PRF09 flight track 

wherein two meridional legs were flown, between 15° and 17° S, along 9° E and 10.5° E. Six 

vertical cloud profiles and one sawtooth profile were flown. The first four profiles were flown 

between 15.5° and 16.5° S along 10.5° E while the sawtooth and two other profiles were flown 

between 16.5° and 17.5° S along 9° E. Westerly surface winds associated with the surface-low 

which extended west of the African coast along with greater 500mb geopotential height were 

observed along the two meridional flight legs. At 925mb, easterly winds were observed along the 

flight legs, associated with a low-pressure system toward the north. Consequently, warmer air 

near the surface was overlaid by dry, polluted continental air in the study region, leading to a 

thick cloud deck with large aerosol concentrations (up to 600 cm-3) above cloud tops (940 to 

950mb). The AOD measured for these profiles ranged between 0.48 and 0.58. A vertical profile 

was flown through the aerosol plume before each cloud profile and aerosols were observed 

adjacent to the cloud tops. With concentrations up to 600 cm-3 adjacent to cloud tops, the seven 

cloud profiles from this flight are categorized as “mixing”.  

An RF was flown on 25 September 2016 (PRF13) during which five vertical cloud profiles and 

one sawtooth profile were flown (blue, Figure 26). During this flight, the continental low was 

farther south of the study region and the low RH region at 925mb height was present south of the 

flight track. A low-pressure system at 925mb, toward the north of the study region, led to high 

RH along the flight track at the location for the cloud profiles, away from the coast. At these 

locations, south-southeasterly winds were observed at the surface, with higher geopotential 

height at 925mb height. Therefore, a deeper boundary layer, with higher cloud tops (890 to 

930mb) was sampled. The AOD measured above cloud by 4STAR for the profiles was close to 
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0.3, except for two profiles including the sawtooth, when high aerosol concentrations were 

observed adjacent to cloud tops and a higher AOD (0.46) was measured. Aerosol concentrations 

within 100 m of cloud tops were below 100 cm-3 for five of the seven profiles, which were 

categorized as “separated”, and the remaining two, including the sawtooth, were categorized as 

“mixing”. 

As shown for PRF05 in Chapter 3, profiles of Nc, Re and LWC were sampled as a function of 

altitude, and cloud base and tops were identified for each profile. Variable cloud base and top 

heights were observed across the forty profiles, due to different sampling locations and variation 

in environmental conditions at these locations. Therefore, it is difficult to compare the vertical 

variation in cloud microphysical properties across profiles as a function of altitude. To create a 

common altitude scale, the vertical variation in cloud properties is examined as a function of 

normalized height above cloud base, ZN, (McFarquhar et al. 2007) which is defined as the height 

above cloud base (Z – Zb) divided by the cloud thickness (Zt – Zb), where Zb and Zt stand for 

cloud base and top height, respectively, and Zt – Zb is the thickness of the cloud.  

The derived Nc, Re and LWC are sorted into ten bins representing ZN with a constant bin width 

of 0.1, so that the first bin represents all measurements obtained within ZN between 0 and 0.1. 

Further, data from the “mixing” and “separated” cases are plotted separately. The data obtained 

during “mixing” and “separated” profiles from the six flights are thus examined in a common 

framework. Figures 27a, 28a, and 29a show box and whisker plots for Nc, Re and LWC, sampled 

during the six flights. The center line in each box represents the median, outer edges of the box 

represent the 25th (Q1) and 75th (Q3) percentiles and whiskers extend to Q1 – 1.5 (IQR) and Q3 – 

1.5 (IQR), where IQR = Q3 – Q1, the interquartile range. 
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For the mixing regime, the median Nc showed little variation with height above cloud base, 

ranging between 210 to 260 cm-3, with lower values (180 cm-3) near cloud base and top. The 

median Re and LWC constantly increased with height, from values of 5.1 µm and 0.05 g m-3 near 

cloud base to 7.2 µm and 0.28 g m-3 near cloud top. The IQR for Nc measured over the top half 

of the cloud deck was 33% greater than the IQR for the bottom half of the clouds, with an 

average IQR of 320 cm-3 for 0.5 < ZN < 1.0, and 240 cm-3 for 0.0 < ZN < 0.5. The greater 

variability in Nc measured near cloud top is likely associated with the heavy aerosol plume 

adjacent to cloud tops mixing into the cloud, leading to additional droplet nucleation along with 

droplet evaporation due to inhomogeneous mixing. This effect extended down to 50% of the 

cloud deck, suggesting that mixing was affecting cloud properties through at least half of the 

cloud deck. 

For the separated regime, the median Nc ranged between 100 and 150 cm-3 with height above 

cloud base, but decreased to 80 cm-3 near cloud top, while the median Re constantly increased 

from 6.6 µm near cloud base to 8.8 µm near cloud top. Slightly higher LWC was measured near 

cloud base, 0.11 g m-3 for 0 < ZN < 0.1, decreasing to 0.08 g m-3 for 0.1 < ZN < 0.2 and 

increasing thereafter with height. The median LWC of 0.25 g m-3 for 0.7 < ZN < 0.8 decreased 

closer to cloud top, with median LWC to about 0.2 g m-3 for ZN > 0.8. This suggests there was 

dry air entrainment near cloud tops for “separated” profiles, leading to evaporation of cloud 

droplets and decreasing the droplet concentration and LWC. A similar decrease in Nc (250 to 180 

cm-3) observed near cloud top for the mixing regime suggests dry air entrainment during the 

mixing profiles. 

Near cloud base (0 < ZN < 0.1), fewer and larger cloud droplets were sampled for “separated” 

profiles, along with greater LWC. The separated regime had a median Nc of about 150 cm-3 for 0 
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< ZN < 0.1 while the median Nc measured during "mixing" profiles was about 180 cm-3. In 

contrast, the median Re for 0 < ZN < 0.1 for the separated regime was 6.6 µm, 28% greater than 

that measured during the "mixing" profiles, 5.1 µm. The median LWC measured for the 

separated regime (0.11 g m-3) was also greater than that measured for the mixing regime (0.05 g 

m-3). It is likely that collision and coalescence of cloud droplets was occurring during these 

profiles and droplet scavenging near cloud base along with higher Re resulted in higher LWC 

despite having lower Nc near cloud base. 

Throughout the cloud deck (0 < ZN < 1), the median Nc for the mixing regime was greater than 

that measured for the separated regime. The difference in the median Nc increased to 130 cm-3 

for 0.1 < ZN < 0.2, and varied between 100 and 150 cm-3 throughout the profile. Similarly, the 

median Re for the separated regime was greater than the median Re for the mixing regime for 0 < 

ZN < 1, with a difference of 1.5 to 2 µm. Similar median LWC was observed during the two 

regimes, with the separated regime having lower LWC for the top 20% of the cloud deck. The 

median LWC measured during the two regimes was within 0.02 g m-3 for 0.1 < ZN < 0.8. 

However, near cloud top, for 0.8 < ZN < 0.9 and 0.8 < ZN < 0.9, LWC for the mixing regime was 

greater by 0.07 and 0.09 g m-3 respectively, due to the decrease in LWC for the separated regime. 

Since the "mixing" profiles were observed to have larger droplet concentration with smaller 

effective radii for 0 < ZN < 1, it thus seems that aerosol mixing at cloud tops was affecting cloud 

properties throughout the cloud deck. 

The effects of cloud top mixing on cloud profiles from PRF05 were examined in the previous 

chapter and inhomogeneous mixing was observed, resulting in a decrease in Nc and LWC near 

cloud top. A negative correlation between Dv and Nc was observed for some of the profiles as 

n(D > 20 µm) increased resulting from the uptake of water vapor made available by  evaporation 
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of smaller droplets (D < 10 µm) near cloud top. A similar decrease in Nc and LWC was observed 

for both regimes when data for cloud profiles from all six flights were combined (Figures 27 and 

29). For the mixing regime, median Nc decreased by 28% from 250 cm-3 for 0.8 < Z < 0.9 to 180 

cm-3 near cloud top (0.9 < Z < 1) and the median Nc for the separated regime decreased by 20%, 

from 100 cm-3 to 80 cm-3. LWC for the separated regime decreased by 20% from 0.25 g m-3 to 

0.2 g m-3 at cloud top while for the mixing regime there was only a slight decrease in LWC from 

0.29 to 0.28 g m-3. 

Figure 30 shows Dv as a function of Nc, colored by LWC, for the two regimes with 

measurements made within the top and bottom half of the cloud deck plotted separately. For the 

bottom half of the clouds, the separated regime had higher Dv with a maximum value of 25.4 

µm, compared to 15.5 µm for the mixing regime. Similarly, for the top half, the separated regime 

had higher Dv with a maximum value of 29 µm, compared to 20.5 µm for the mixing regime. 

During all four cases, Dv remained constant or increased with decrease in Nc, indicating 

inhomogeneous mixing throughout the cloud deck during both regimes. 

For the separated regime, Nc > 350 cm-3 represented less than 5% of the data and for the mixing 

regime, Nc < 50 cm-3 represented less than 2% of the data, and hence these data are outliers. The 

red lines show mean Dv, averaged over 20 cm-3 bins, plotted as a function of Nc. Strictly 

inhomogeneous mixing was observed for the bottom half of the cloud deck as the slope for the 

best-fit curve for mean Dv and Nc was -0.0053 for both regimes (the slope remained constant 

when 0 < Nc < 50 cm-3 were included for the separated regime). "Inhomogeneous entrainment 

mixing with subsequent ascent" was observed for the top half of the cloud deck during the 

separated regime as a stronger negative Dv-Nc correlation was observed with the best-fit slope 

decreasing to -0.0193 (changing to -0.0158 when 0 < Nc < 50 cm-3 were included). When Nc > 
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350 cm-3 were included in the analysis for the mixing regime, it was observed that strictly 

inhomogeneous mixing was occurring within both halves of the cloud deck with the best-fit 

slope for mean Dv and Nc increasing to -.0005 and -0.0017 for the bottom and the top half, 

respectively. These results suggest that while inhomogeneous mixing was occurring during both 

regimes, a significant increase in Dv was observed with decrease in Nc for the top half of the 

cloud deck during separated profiles. This was likely due to the ascent of diluted cloud volumes 

resulting in an increase in sizes of larger cloud droplets taking up water vapor available from the 

evaporation of smaller droplets near cloud tops. 

While similar meteorological conditions were observed during PRFs 5, 7, 8 and 9, a different 

meteorological setup was observed during PRFs 11 and 13. As a result, lower cloud tops were 

sampled during PRF11 with large aerosol concentrations immediately above clouds as all seven 

profiles from the flight were categorized as "mixing" while higher clouds tops were sampled 

during PRF13 and only two out of the seven cloud profiles were categorized as "mixing". 

Therefore, in addition to comparing the vertical change in Nc, Re and LWC for the two regimes 

for cloud profiles from all six flights, vertical change in cloud properties for profiles flown 

during PRFs 5, 7, 8 and 9 (Figures 27b, 28b and 29b) with similar meteorology was also 

examined. 

Figure 27b shows similar higher median Nc (170 cm-3) near cloud base for the mixing regime 

with the median Nc for the separated regime equal to 150 cm-3. The mixing regime had higher Nc 

over 0.1 < ZN < 1, with the difference varying between 100 and 150 cm-3 and a 28% decrease in 

Nc near cloud top for both regimes. The mixing median Re increased from 5 µm near cloud base 

to 7.3 µm near cloud top (Figure 28b) while the separated median Re increased from 6.7 µm to 

8.7 µm and was higher than the median Re for the mixing regime by 1.5 to 2 µm throughout the 
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cloud deck. The median LWC for the two regimes was within 0.02 g m-3 for 0.1 < ZN < 0.8. Near 

cloud base (0 < ZN < 0.1), the separated regime had higher LWC by 0.07 g m-3 while near cloud 

top, the LWC for the mixing regime was greater by 0.07 and 0.09 g m-3, for 0.8 < ZN < 0.9 and 

0.8 < ZN < 0.9 respectively, due to the decrease in LWC for the separated regime. Hence, 

although meteorological conditions affected cloud properties such as cloud thickness and the 

vertical location of the aerosol and cloud layers, the effect of aerosol mixing at cloud tops on 

cloud properties remained unaffected by the change in meteorology. 

In this study, drizzle droplets are defined as cloud droplets with D>50 µm, and the number 

concentration of those droplets, hereafter N (D>50 µm), is measured by the 2D-S probe. Similar 

thresholds have been used in past studies (Wood, 2005a) to separate cloud droplets from drizzle 

drops. Larger droplets, with greater effective radii, were more frequently observed during cloud 

profiles with separation between the aerosol plume and cloud tops. This would suggest the 

collision-coalescence process is occurring more frequently in these cases, which permits the 

formation of droplet sizes greater than can be produced by condensation alone. 

Figures 31 and 32 show the droplet size distributions measured during the fifth profile for 

sawtooths 1 and 4 (S1e and S4e) respectively, as a function of height. Figures 18, 20 and 21 

show the vertical profile for Nc and Na, Re and LWC as a function of height for these profiles. 

While S1e had higher Nc between 200 and 700 cm-3 compared with 50 to 100 cm-3 for S4e, it had 

much lower Re with a maximum value of 6.7 µm, compared with a maximum of 18 µm for S4e. 

This is consistent with the median D for S1e of 9 µm, and 22.5 µm for S4e. Because of the lack 

of larger drops needed to initiate the collision-coalescence process, there were few drizzle drops 

during S1e with no time steps when N (D>50 µm) was greater than 0.1 cm-3 during S1e, while 

for S4e, drizzle concentration was greater than 0.1 cm-3 for 30% of the time. 
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Figure 33 shows the probability distribution for the observed concentrations of drizzle drops for 

the separated and mixing regimes. For the separated regime, the maximum N (D>50 µm) was 2.3 

cm-3 and the probability of occurrence of N (D>50 µm) > 0.1 cm-3 was 0.24. On the other hand, 

the highest drizzle concentration measured during the mixing regime was 0.9 cm-3 with a 

probability of occurrence of N (D>50 µm) > 0.1 cm-3 equal to 0.20. This suggests drizzle 

concentrations were higher, and had a greater probability of being more than 0.1 cm-3 when 

aerosols were separated from the cloud tops. However, since there is little difference in the 

probabilities for n(D>50 µm) > 0.1 cm-3, the data needs to be examined for effects of change in 

parameters such as cloud thickness and vertical velocity that influence drizzle formation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



33 
 

CHAPTER 5: CONCLUSIONS 

 

In-situ observations of aerosol and cloud properties measured above, within, and below marine 

stratocumulus over the South-East Atlantic off the coast of Africa during ORACLES 2016 were 

used to examine how cloud microphysical properties are affected by the change in the vertical 

location of biomass-burning aerosols relative to cloud tops. Vertical cloud profiles were 

categorized into two regimes, separated and mixing, based on whether the overlying aerosol 

plume was separated from or present adjacent to cloud tops and likely mixing into the cloud. The 

vertical variation in aerosol and cloud properties measured during forty cloud profiles from six 

research flights were categorized into the two regimes and used to determine the effect of mixing 

of overlying aerosols into the cloud. 

Cloud microphysical properties were measured using cloud probes (i.e., CAS, 2D-S, HVPS and 

King hot-wire) mounted below the wings of the NASA P-3 aircraft. Aerosol size distributions 

were measured using the UHSAS (0.06 < D < 1 µm) and PCASP (0.1 < D < 3 µm) probes 

aerosol composition was measured using the AMS, and 4STAR was used to retrieve AOD above 

the aircraft. Artifacts identified in the 2D-S images were rejected using criteria described in 

Chapter 2, and droplet size distributions n(D), total concentrations Nc, effective radii Re, and 

liquid water contents LWC were determined by merging CAS size distributions for 3 < D < 50 

µm and 2D-S size distributions for 50 < D < 1280 µm. Throughout this study, thresholds of 

LWC > 0.05 g m-3 and Nc > 10 cm-3 were used to define a cloud. Mass closure tests revealed that 

the bulk LWC measured by the King hot-wire was strongly correlated (R=0.77) with LWC 

calculated by integrating the droplet mass distribution for 12.5 < D < 40 µm. The LWC 

calculated from the SDs overestimated the bulk LWC up to 30% of the time when smaller 
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droplets (3 < D < 12.5 µm) were included likely due to the hot-wire’s decreased collision 

efficiency for smaller droplets. Hence, the LWC calculated from the SDs was used in this study 

to characterize the mass content of the clouds. 

A case study examined eight cloud profiles flown on 6 September 2016 (PRF05). Although 

inter-comparison with another PCASP used on the BAe146 during ORACLES 2017 and with the 

UHSAS over the same size range during ORACLES 2016 suggested that the UND PCASP n(D) 

was biased low, especially for D < 300 nm, the UND PCASP Na could still be used to identify 

the location of the aerosol plume. HYSPLIT back trajectories determined the aerosol source 

region and explained the variation in above and below-cloud aerosol mass concentration and 

composition between profiles. Aerosol composition observed above cloud tops was indicative of 

biomass-burning products and differed from the composition below clouds, which did not show 

evidence of biomass-burning aerosols. 

Flight modules flown during PRF05 were designed to sample clouds and aerosols in-situ above, 

within and below cloud and included four sawtooth profiles and four individual vertical profiles. 

Sawtooth profiles comprised of multiple cloud profiles where each profile lasted for 90 to 150 

seconds, covering a horizontal distance between 10 and 17 km. The AOD measured above the P-

3 immediately before or after the sawtooths averaged above 0.4, suggesting a heavy aerosol 

plume was present above the cloud deck during each sawtooth. During sawtooth 4 (S4), low Na 

(<20 cm-3) was sampled immediately above cloud tops and enhanced Na (> 100 cm-3) was 

separated from the cloud deck by about 200 m. Consequently, this profile was categorized into 

the “separated” regime, which included cloud profiles with the aerosol plume (Na > 100 cm-3) 

separated from cloud tops by at least 100 m. During S1, S2 and S3, high aerosol concentrations 

up to 600 cm-3 were observed adjacent to cloud tops. These aerosols were likely mixing into the 
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cloud and these profiles were categorized into the “mixing” regime, which included cloud 

profiles with Na > 100 cm-3 within 100 m of cloud tops. 

A similar methodology was used to categorize each sawtooth and profile flown during 

ORACLES 2016 as separated or mixing. A statistical analysis was conducted using data from six 

research flights, PRFs 5, 7, 8, 9, 11 and 13 flown on 6, 10, 12, 14, 20 and 25 September 2016 

respectively, when at least 1000 s were spent in cloud and at least three cloud profiles were 

flown. Forty cloud profiles, flown between 10° S to 20° S and 0° to 12° E, were categorized into 

the two regimes and twenty-four separated and sixteen mixing profiles were identified. Only two 

profiles had AOD below 0.25, suggesting the aerosol plume was present above the cloud deck 

during all other profiles, regardless of its vertical location or separation from the cloud deck. 

The effect of aerosol mixing at cloud tops was observed throughout the cloud deck as more 

numerous and smaller cloud droplets were observed during the mixing profiles. The median Nc 

ranged between 180 to 260 cm-3 for the mixing regime and the IQR for Nc measured over the top 

half was 33% greater than that for the bottom half due to activation of aerosols mixing into cloud 

tops. In comparison, the median Nc for the separated regime was lower by 100 to 150 cm-3 for 

0.1 < ZN < 1 indicating that the mixing at cloud tops affected droplet concentrations down to 

cloud base. In addition, the separated regime had median Re between 6.6 to 8.8 µm which was 

greater than that for the mixing regime by 1.5 to 2 µm throughout the cloud. The median LWC 

for the two regimes was within 0.02 g m-3 for 0.1 < ZN < 0.8 with the separated regime having 

higher LWC near cloud base due to the presence of large droplets falling out of cloud, and lower 

LWC near cloud top due to dry air entrainment. 

It was observed that the median Nc and LWC decreased near cloud tops during both regimes. 

This was due to inhomogeneous mixing throughout the cloud deck as similar mean volume 
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diameters, Dv were measured with decreasing Nc within the top and the bottom half of the cloud. 

In the separated regime, the mixing of dry air into cloud tops led to the evaporation of smaller 

droplets and the water vapor made available by the droplet evaporation was taken up by larger 

droplets which grew in size. Consequently, a negative correlation was observed between Dv and 

Nc for the top half of the cloud since Dv increased as Nc decreased. In contrast, in the mixing 

regime, aerosols were likely mixing into the cloud along with the sub-saturated air. Competition 

for water vapor between the larger droplets and newly activated aerosols led to little change in 

Dv as Nc decreased. 

More numerous but smaller cloud droplets were observed when aerosols were mixing into cloud 

tops. Consequently, precipitation was suppressed during the mixing regime as a higher 

probability of drizzle occurrence was observed for the separated regime. Higher concentrations 

of drizzle were also observed for the separated regime. However, constraining parameters such 

as cloud thickness and vertical velocity is required to further examine the effect of cloud-top 

mixing of aerosols on the onset of collision-coalescence and formation of precipitating droplets. 

The differences between cloud microphysical properties measured during the two regimes 

remained consistent when only data for cloud profiles from four flights with similar meteorology 

were compared and when data from two more flights, with different meteorology, were included. 

Therefore, even though environmental conditions affect cloud properties such as thickness, top 

height, and vertical location of the aerosol plume relative to cloud, the effects of aerosol mixing 

into cloud tops remains the same.  
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CHAPTER 6: TABLES AND FIGURES 

 

Flight Date Time in Cloud Sawtooths Vertical Cloud profiles 

PRF05: September 06 4084 s 4 4 

PRF07: September 10 2417 s 1 7 

PRF08: September 12 1374 s 1 2 

PRF09: September 14 2879 s 0 8 

PRF11: September 20 1876 s 1 6 

PRF13: September 25 1838 s 1 5 

Total 4h 1m 8s 8 32 

Table 1: Research flights used in the study, including time in cloud, number of sawtooths 
performed and number of ascents/descents along a constant heading (vertical cloud profiles). 

 

 

Flight Date Correlation Coefficient 

LWC for D > 3 µm 

(LWC for 12.5<D<40) 

Best-fit slope 

LWC for D > 3 µm 

(LWC for 12.5<D<40) 

LWCCAS/LWCKING 

LWC for D > 3 µm 

(LWC for 12.5<D<40) 

September 06 0.590 (0.609) 0.844 (0.594) 0.958 (0.488) 

September 10 0.761 (0.835) 0.728 (0.756) 0.722 (0.527) 

September 12 0.833 (0.890) 0.603 (0.598) 0.560 (0.372) 

September 14 0.452 (0.747) 0.460 (0.591) 0.723 (0.331) 

September 20 0.629 (0.717) 0.809 (0.736) 1.044 (0.543) 

September 25 0.747 (0.813) 0.553 (0.630) 0.848 (0.508) 

Table 2: R, best-fit slope and LWC ratio for CAS LWC integrated over 3 < D < 50 µm and 12.5 
< D < 40 µm. 
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Sawtooth Time (UTC) Latitude (°S) Longitude 

(°E) 

AOD COT COT 

(Aqua) 

09/06–S1  08.46 – 08.56 19.77 – 19.00 Along 9E 0.41 29.2 - 

09/06-S2 10.11 – 10.21 13.30 – 12.54 Along 9E 0.39 14.7 5 – 18 

09/06-S3 11.07 – 11.19 10.02 – 10.79 Along 9E 0.52 17.5 3 – 17 

09/06-S4 13.15 – 13.26 18.91 – 19.57 11.6 – 11.9 0.41 8.31 5 – 10 

09/06-P1 09.02 – 09.03 18.56 – 18.51 Along 9E 0.14 10.9 6 – 8 

09/06-P2 09.36 – 98.38 15.94 – 15.85 Along 9E 0.28 43.2 6 – 12 

09/06-P3 12.34 – 12.35 16.33 – 16.39 10.7 – 10.73 0.44 8.90 6 – 10 

09/06-P4 11.33 – 11.34 11.73 – 11.80 9.08 – 9.11 0.27 14.4 15 – 20 

Table 3a: Parameters listed for cloud profiles flown on PRF05. 

 

Sawtooth Regime ΔZ (m) LWP (gm
-2

) Pressure (mb) Temperature (C) 

09/06–S1  Mixing 276 118.9 910 – 960 9.0 – 19.2 

09/06-S2 Mixing 330 60.36 915 – 960 12.5 – 22.2 

09/06-S3 Mixing 484 81.54 904 – 969 13.0 – 17.5 

09/06-S4 Separated 245 51.87 956 – 994 11.2 – 14.0 

09/06-P1 Separated 177 36.12 926 – 948 10.2 – 11.8 

09/06-P2 Mixing 334 181.2 920 – 959 10.5 – 20.2 

09/06-P3 Mixing 290 33.39 943 – 979 12.5 – 16.0 

09/06-P4 Mixing 328 57.24 914 – 952 12.8 – 15.5 

Table 3b: Parameters listed for cloud profiles flown on PRF05. 

 
 
 
 



39 
 

Flight Date  Type Cloud 

time 

Sawtooths Individual 

profiles 

Mixing Separated 

PRF05: September 06 TF 4084 s 4 4 6 2 

PRF07: September 10 RF 2417 s 1 7 0 8 

PRF08: September 12 RF 1374 s 1 2 1 2 

PRF09: September 14 TF 2879 s 0 8 0 8 

PRF11: September 20 TF 1876 s 1 6 7 0 

PRF13: September 25 RF 1838 s 1 5 2 4 

Total  4h 1m 8s 8 32 16 24 

Table 4: Research flights used in this study based on cloud time and number of cloud profiles 
flown. 
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Figure 1: (A) CDP (B) King hot-wire (C) 2D-S and (D) HVPS3 mounted under the right wing of 
NASA P-3. 

 
 
 
 

 
Figure 2: Aerosol deposition on the inside of the receive side mirror for the 2D-S vertical 

channel, cleaned mirror on the right. 
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Figure 3: 2DS images of (a) a continuously stuck diode, (b) multiple stuck diodes, (c) an 
intermittently stuck diode, and (d) out-of-focus droplets. The dashed blue lines separate 

individual particles. 
 
 
 

 
 

 
Figure 4: Scatter between King LWC and the LWC derived by integration of droplet mass 

distribution for 12.5 < D < 40 µm from PRF13 (25 September 2016), colored by N (12.5 < D < 
40 µm). 
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Figure 5: Spinning Enhanced Visible and Infrared Imager, SEVIRI visible image at 14.00 UTC 

on 6 September 2016 (PRF05), overlaid by the PRF05 flight track, and colored by flight altitude. 
Circles indicate sawtooth (S) and vertical profile (P) locations. 
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Figure 6: Altitude flown by the P-3 as a function of time for 6 September 2016 (PRF05), colored 

by PCASP Na. 
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Figure 7: Mean aerosol size distribution measured by the PCASP and UHSAS from PRF05 at 

altitudes between 2000 m and 3000 m. 
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Figure 8: 0-hour forecast at 12.00 UTC on 6 September 2016 (PRF05) from the European Centre 

for Medium-Range Weather Forecasts, ECMWF for mean sea level pressure (dashed blue), 
500mb geopotential height (solid green) and surface winds, overlaid by the PRF05 flight track. 
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Figure 9: 0-hour forecast at 12.00 UTC on 6 September 2016 (PRF05) from ECMWF for  

boundary layer height and 900 mb wind (top) and 925mb relative humidity (colored), 
geopotential height (solid green) and wind, overlaid by the PRF05 (6 September 2016) flight 

track. 
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Figure 10: 5-day back-trajectories from the NOAA HYSPLIT model for PRF05 (6 September 
2016). (A) ending at 10.00 UTC for S1 - S3 near cloud base (500 m) (B) ending at 10.00 UTC 

for S1 - S3 near cloud top (1000 m) (C) ending at 10.00 UTC for S1 – S3 near maximum PCASP 
Na (2500 m) and, (D) ending at 13.00 UTC for S4 near cloud base, cloud top and maximum 

PCASP Na (200 m, 500 m and 2500 m). Altitudes shown represent values above mean sea level. 
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Figure 11: The Goddard Earth Observing System Model Version-5, GEOS-5 forecasts for dust 

and organic carbon at 925mb height valid at 12.00 UTC on 6 September 2016 (PRF05), overlaid 
by the PRF05 flight track with circles indicating profile locations. 
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Figure 12: Aerosol mass concentration, Nam as a function of Z for the fifth profile flown during 

sawtooth legs on PRF05 (6 September 2016), colored by aerosol type. The dashed blue lines 
represent cloud base and top, the dashed red line represents 10 µg m-3. 
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Figure 13: Total aerosol mass concentration, Nam measured by the AMS as a function of Z for 

the fifth profile flown during sawtooth legs on PRF05 (6 September 2016). The dashed blue lines 
represent cloud base and top, the dashed red line represents 10 µg m-3. 
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Figure 14: Altitude flown by the P-3 from PRF05 (6 September 2016), overlaid by the aerosol 

concentration measured by the AMS, colored by aerosol type, as shown in legend. 
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Figure 15: The NASA P-3 altitude as a function of time during sawtooth profiles from PRF05 (6 

September 2016), colored by King LWC. 
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Figure 16: The NASA P-3 altitude as a function of time during sawtooth profiles (two minutes 

before and after the profile included) from PRF05 (6 September 2016), colored by the 
accumulation-mode aerosol concentration, Na measured by the PCASP. Dashed blue lines mark 

the approximate cloud base and top. 
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Figure 17: Nc and PCASP Na as a function of Z for the fifth profile flown during the sawtooth 

legs on PRF05 (6 September 2016). Dashed blue lines represent cloud base and top for the 
profile, the dashed red line marks 100 cm-3. 
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Figure 18: Nc as a function of Z, for four sawtooth legs colored by individual profiles (top) and 

individual profiles (bottom), from PRF05 (6 September 2016). 
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Figure 19: Re as a function of Z, for four sawtooth legs colored by individual profiles (top) and 

individual profiles (bottom), from PRF05 (6 September 2016). 
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Figure 20: LWC as a function of Z, for four sawtooth legs colored by individual profiles (top) 

and individual profiles (bottom), from PRF05 (6 September 2016). 
 
 

 
Figure 21: Nc, Re, and LWC as a function of Z during S1d from PRF05. 
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Figure 22: Droplet size distribution for 3 < D < 500 µm as a function of Z for S1d from PRF05, 

colored by the logarithm of the number distribution function for each size bin. 
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Figure 23: Mean volume diameter (Dv) plotted as a function of Nc for the sawtooth legs and 

individual profiles from PRF05. 
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Figure 24: Droplet size distribution for 3 < D < 500 µm as a function of Z for P1 from PRF05, 

colored by the logarithm of the number distribution function for each size bin. 
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Figure 25: Droplet size distribution for 3 < D < 500 µm as a function of Z for P3 from PRF05, 

colored by the logarithm of the number distribution function for each size bin. 
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Figure 26: Flight tracks from PRFs 5, 7, 8, 9, 11 and 12 (6, 10, 12, 14, 20 and 25 September 

2016), green segments mark the cloud profiles flown (flight tracks from PRFs 7 and 8 coincide 
with PRF12 and hence are not visible). 
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Figure 27: Box and whisker plot for droplet concentration, Nc, measured during cloud profiles 

flown on (A) PRFs 5, 7, 8, 9, 11 and 13 and (B) PRFs 5, 7, 8 and 9 as a function of the 
normalized height above cloud base, ZN, classified based on the two regimes. 
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Figure 28: Box and whisker plot for effective radius, Re, measured during cloud profiles flown 

on (A) PRFs 5, 7, 8, 9, 11 and 13 and (B) PRFs 5, 7, 8 and 9 as a function of the normalized 
height above cloud base, ZN, classified based on the two regimes. 
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Figure 29: Box and whisker plot for liquid water content, LWC, measured during cloud profiles 

flown on (A) PRFs 5, 7, 8, 9, 11 and 13 and (B) PRFs 5, 7, 8 and 9 as a function of the 
normalized height above cloud base, ZN, classified based on the two regimes. 
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Figure 30: Mean volume diameter (Dv) plotted as a function of Nc, colored by LWC for the top 
and bottom half of the cloud deck for the separated and mixing regimes, the red line indicates 

mean Dv as a function of Nc. 
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Figure 31: Droplet size distribution for 3 < D < 500 µm as a function of Z for S1e from PRF05, 

colored by the logarithm of the number distribution function for each size bin. 
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Figure 32: Droplet size distribution for 3 < D < 500 µm as a function of Z for S4e from PRF05, 

colored by the logarithm of the number distribution function for each size bin. 
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Figure 33: Probability distribution for drizzle concentration, N (D>50 µm) for cloud profiles 

classified into the separated and mixing regimes. 
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