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[1] Regular cloud base aerosol measurements were collected by a research aircraft over a
4 month period during the wet season in southeast Queensland, near Brisbane, Australia. In
situ cloud microphysical measurements were also collected in many of these clouds.
Brisbane is situated on the east coast of Australia and, depending on the synoptic weather
conditions, can experience influences from inland or from the adjacent ocean. In situ
aerosol measurements were used to compile a climatology of the aerosol conditions in the
region and a back trajectory model was run for 120 h from each measurement to determine
the possible air mass influences on each measurement. The most influential factor on the
measured aerosol concentrations was the time the trajectory spent over land beneath 2 km
(a proxy for the boundary layer). Using this criterion, the measurements were divided into
two regimes: maritime for those with minimal time histories over land and continental for
the remainder. Other influential factors on the aerosol concentration were also diagnosed
and quantified with a regression model, including the proximity of the trajectory to the city
of Brisbane and the number of fires along the trajectory. Thermodynamic, aerosol, and
cloud microphysical characteristics are presented for each regime. The maritime regime
tended to have more coarse mode (larger) aerosol particles and a tail of larger drops in the
cloud base droplet spectra, which could be due to nucleation on the larger aerosol particles.
The city influence on maritime regime trajectories yielded enhanced nucleation (fine)
particle concentrations.
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southeast Queensland and implications for cloud microphysics, J. Geophys. Res. Atmos., 118, 2858–2871, doi:10.1002/
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1. Introduction

[2] Understanding the influence of aerosol on cloud
microphysics and precipitation formation is of great impor-
tance, especially since such effects are potentially large yet
not well understood [IPCC, 2007]. While it is well
established that aerosols are necessary for cloud droplet
nucleation and that as such aerosols could affect precipitation
formation [Feingold et al., 1999; Freud et al., 2008; Hudson
et al., 2009, 2011], it is still not well understood to what extent
subsequent precipitation growth is affected by aerosol-
influenced droplet spectra, especially in deep convection
[Squires, 1958; Rosenfeld, 1999, 2000; Khain et al., 2005;
Tao et al., 2007; Rosenfeld et al., 2008]. For example, in clean
environments with low concentrations of cloud condensation
nuclei (CCN), initial droplet spectra are often broader than in
more polluted environments. A broader droplet spectra
should, in theory, lead to more efficient collision and coales-
cence processes, whereas a narrow spectra could reduce that

efficiency. Nonetheless, there are many other factors that can
influence precipitation processes, including thermodynamic
and dynamic variables.
[3] A recent study by Bigg [2008] concentrated on this

issue for the region of southeast Queensland, Australia, by
speculating that urban pollution could be related to the
decrease in rainfall that this region had faced in the prior
35 years. Bigg [2008] stated, however, that “the present
concentrations of potentially precipitation-influencing
particles is not known at any site or for any season
[in Australia].” As such, physical relationships between
precipitation-influencing aerosol and rainfall in the region
cannot be established. This paper presents such in situ
aerosol measurements, for the southeast Queensland
region, that were collected during the Queensland Cloud
Seeding Research Program (QCSRP) [Tessendorf et al.,
2010, 2012].
[4] A good understanding of the natural aerosol present in

the atmosphere and its effect on cloud droplet formation is par-
amount toward understanding implications on precipitation
formation in a given region. The goal of this study is to define
the typical aerosol regimes observed in southeast Queensland
and present representative characteristics of each regime. Such
representations can be used for further detailed study of the
precipitation processes in the region, including initializations
for cloud resolving microphysical models.
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2. Data Set and Methods

[5] The measurements discussed herein were collected
during the QCSRP between November 2008 and February
2009 in southeast Queensland, Australia. All measurements
were collected over land, surrounding the Brisbane metro-
politan area (see Figures 1 and 3 in Tessendorf et al.
[2012] for a map of the region and the flight tracks). The
South African Weather Service Aerocommander was flown
into and around clouds in the region equipped with a suite
of microphysical instruments to obtain measurements of
aerosol and droplet size spectra (see Table 1). Fine mode
aerosol measurements were made with an aircraft-based
high flow rate automated differential mobility analyzer
(DMA) system [Collins et al., 2000]. The scanning DMA
data were processed using a fixed voltage transfer function
[Collins et al., 2004]. Accumulation mode aerosol were
measured by a Passive Cavity Aerosol Spectrometer Probe
(PCASP) and when out of cloud a Forward Scattering Spec-
trometer Probe (FSSP) [Dye and Baumgardner, 1984] was
used to measure coarse mode (>3 mm) particles (Table 1).
However, it should be noted that the FSSP has sampling lim-
itations in measuring coarse particles that are often present in
very low concentrations and the FSSP was always run in
cloud droplet size range mode (see Table 1) since it was pri-
marily used to measure cloud droplet spectra. FSSP instru-
ments measure particles at ambient relative humidity and,
depending upon the fraction of hygroscopic particles, may

measure a mixture of wet and dry particles. The combination
of low sampling statistics in the FSSP and complex refractive
index due to a mixture of wet and dry particles introduces un-
certainty in the size assignment by the FSSP. On the other
hand, the sampling process of the PCASP and DMA instru-
ments measure particles after most of the water has dried.
The PCASP and FSSP were calibrated using latex spheres
and glass beads, respectively, of known size and refractive in-
dex, and each was operated with 30 separate size bins using
the Signal Processing Package (SPP) electronics (SPP-100
for the FSSP and SPP-200 for the PCASP) from Droplet Mea-
surement Technologies (DMT).
[6] A DMT single column Cloud Condensation Nuclei

(CCN-100) counter [Roberts and Nenes, 2005] was used
with a constant pressure controller unit to keep the CCN
sample at a constant pressure of approximately 600 hPa. Mea-
sured CCN concentrations were then corrected to ambient
pressure [Roberts and Nenes, 2005]. A Cloud Imaging Probe
(CIP; on a CAPS instrument, see Baumgardner et al.
[2001]) and a Precipitation Imaging Probe (PIP) were used
to measure the size, shape, and concentrations of cloud and
precipitation particles. The CIP and PIP were calibrated using
their respective spinning disk calibration tools.
[7] To sample subcloud aerosol near cloud base (hereafter,

“cloud base aerosol”), the aircraft orbited below solid cloud
bases that were at least 2 km in diameter with a 2 m s�1 or
greater updraft as detected by the pilots, maintaining a
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Figure 1. 120 h HYSPLIT back trajectories for each cloud base aerosol measurement color-coded into
two regimes based on how much time each trajectory spent over land below 2 km: (blue) maritime
regime ≤ 12 h and (red) continental regime> 12 h.

Table 1. List of Instrumentation Used to Take Measurements Discussed Herein. aAll of the instruments except the DMA were models
from Droplet Measurement Technologies (DMT)

Instrument Purpose Range

CCN Counter Cloud condensation nuclei concentration and spectra Depends on supersaturation
DMA Fine mode aerosol spectra and concentration 0.01–0.38 mm
SPP-200 PCASP Aerosol concentration and spectra 0.1–3 mm
SPP-100 FSSP Coarse mode aerosol spectra 3–47 mm
CIP Cloud particle size, shape, concentration 25–1500 mm
PIP Precipitation particle size, shape, concentration 100–6200 mm
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constant altitude and remaining in the updraft as much of the
time as possible. In order to remain below the cloud, the
aircraft orbits drifted with the cloud. Cloud base aerosol
sampling orbits typically were on the order of 5 min, except
when CCN supersaturation (SS) cycles were being run, in
which case the aircraft maintained the cloud base orbit for
10 min to allow for the CCN counter to sample at three
supersaturations (0.3%, 0.5%, and 0.8%). The CCN counter
was set to sample at 0.3% supersaturation at all other times.
Statistics on cloud base aerosol measurements used in this
analysis (median PCASP concentrations, median 0.3% SS
CCN concentrations, and mean aerosol size spectra) were
then calculated for a 3 min segment with relatively constant
PCASP concentrations during each cloud base orbit. This
allowed for a full up and down sizing cycle by the DMA
to be represented in each measurement.
[8] After obtaining a cloud base aerosol sample, the

aircraft typically ascended to collect measurements of the
initial cloud droplet spectra at roughly 300 m above cloud
base. Terrain occasionally impacted the aircraft’s ability to
fly in cloud at this altitude, and thus, the aircraft would
ascend to its minimum safe altitude to conduct these “cloud
base” passes. For the analysis presented herein, we only
considered passes within 300–600 m of cloud base as “cloud
base” passes and only for untreated clouds. Since this
research was conducted as part of a cloud seeding research
project, roughly half of the sampled clouds were treated with
hygroscopic particles in a randomized cloud seeding experi-
ment, thereby reducing the number of in-cloud measure-
ments available for this analysis. Furthermore, we avoided
data from portions of cloud passes through cloud edges or
areas with precipitation by focusing on FSSP measurements
with minimum concentrations of 20 cm�3 and excluded
measurements with nonzero counts of particles larger than
100 mm as measured by the CIP and PIP.

2.1. Back Trajectory Modeling

[9] The Hybrid Single-Particle Lagrangian Integrated
Trajectory (HYSPLIT) model [Draxler and Rolph, 2010]
was used to calculate 120 h back trajectories in order to
get an air mass history for each measurement. The model

was run using the Global Data Assimilation System (GDAS)
archived data, with a temporal resolution of 3 h and spatial
resolution of 1� � 1� in latitude and longitude. The GDAS
data set was the highest resolution set available for
HYSPLIT that covered the project domain at the time of
the measurements. Sensitivity tests of trajectories calculated
using GDAS and other data sets [i.e., National Centers for
Environmental Prediction (NCEP)/National Center for At-
mospheric Research (NCAR) Reanalysis and Final Analyses
(FNL)] for the same region in past years when those other
data sets were available yielded highly similar results. The
starting latitude, longitude, and altitude for each trajectory
were based on the actual location of the aircraft while taking
measurements. The back trajectories, shown in Figure 1, il-
lustrate the wide variety of source regions.
[10] Since the aerosol characterization herein relies on the

results of the HYSPLIT model run with GDAS data, a
sensitivity study was performed to test the influence of the
model data resolution and vertical motion calculation on
the results. We recreated the results using the NCEP/NCAR
Global Reanalysis Data (spatial resolution of 2.5� � 2.5�
and 6 h output) with all other conditions held the same and
again with the GDAS data, but computing vertical motion
differently (isentropically rather than from modeled wind
fields). Relationships of median PCASP concentration and
hours over land, as calculated from these test runs, are
shown in Figure 2, and will be discussed further in section 3.

3. Regime Classification

[11] Aerosol regimes were defined in this study using the
modeled back trajectories for each of 69 cloud base aerosol
measurements. Using the hours a trajectory spent over land
within the boundary layer (2 km; hereafter, “hours over land”)
as a primary influential factor on the measured aerosol
conditions, we determined that splitting the data set into
two regimes produced significantly distinct aerosol regimes
(in aerosol concentration, as well as aerosol size spectra):
maritime, identified as≤12 h over land below 2 km, and
continental, with >12 h over land (see Figure 1). Using this
classification, the broad range of PCASP concentrations
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Figure 2. Sensitivity tests showing median PCASP concentration versus trajectory hours over land
beneath 2 km as calculated using the (a) GDAS data set using modeled wind fields (as presented in rest
of paper), (b) NCEP/NCAR Global Reanalysis Data using modeled wind fields, and (c) GDAS data using
isentropically modeled vertical motion. The correlation coefficient (r) is noted for each panel.
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measured in the season-wide data set can be partitioned into
two distinct categories; however, there is still a fair amount
of variability within each regime, especially the continental
regime (Figure 3).
[12] The 12 h threshold determined by this analysis lies

within the 95% confidence intervals for being the most
significant regime threshold determined by the sensitivity
tests with the reanalysis data and the isentropic vertical
motion runs (see section 2.1). However, most notably from
the lower resolution data run (Figure 2b), there are a few
outlier points (low PCASP concentration, more time over land)
that would be classified differently if NCEP/NCAR reanalysis
were used to drive HYSPLIT instead of GDAS. Nonetheless,
we feel that the results, in general, are robust and independent
of the input data for HYSPLIT.
[13] These two regimes also exhibit distinctly different

CCN concentrations, both at 0.3% supersaturation (Figure 3b)
and for the other two supersaturations, on average, for those
measurements with supersaturation cycles (Figure 4). None-
theless, there is still considerable variability in the individual
CCN SS cycle concentrations that will be explored in future
analysis. However, those measurements with low (high)
PCASP aerosol concentrations also tend to exhibit low (high)
0.3% SS CCN concentrations (Figure 5).

3.1. Other Influential Factors

[14] The variability in the measurements that still exists
after classifying the regimes by the hours each trajectory
spent over land can be explained by other influential factors,
such as the number of fires along a trajectory, the proximity
of the trajectory to the city of Brisbane (defined as the city
center point at 27.5�S, 153.02�E), and the amount of rainfall
in the 12 h period prior to the measurements. Fire locations
and times were determined by the MODIS Fire and Thermal
Anomalies Product [Giglio et al., 2003] and processed as in
Wiedinmyer et al. [2006]. The number of fires along a trajec-
tory (hereafter, proximity fires) was the number of MODIS
fire locations within a 200 km radius of the trajectory at

each hour along the 120 h back trajectory. This method
may count the same fire multiple times, which implies that
it had more time to influence the air mass. Rainfall was
calculated from the GDAS model and accumulated along
the last 12 h of the trajectory.
[15] For the maritime air masses, there was little relation-

ship between aerosol concentrations and hours over land
(Figure 6a); however, the maritime aerosol concentrations
exhibited a considerable increase as the trajectories got
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Figure 3. Box and whisker plots of (a) median PCASP aerosol concentration and (b) median 0.3% SS
CCN concentration split by regime (MAR: ≤12 h over land below 2 km; CON: >12 h over land
below 2 km).
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Figure 4. CCN concentrations at varying supersaturations
measured during cloud base supersaturation cycles, colored
by maritime (blue) and continental (red) regimes. The solid
line represents the power law fit (based on equation (4)) for
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tion values, most notably around 0.8%, because temperatures
did not actually stabilize in every cycle to achieve the specified
supersaturation. Therefore, the temperature difference within
the column was used to calculate the actual supersaturation
for each measurement.
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closer to Brisbane (Figure 6b). Very few of the maritime
cases were influenced by any fires; which is not surprising
due to the relatively short time these trajectories spent over
land (and therefore fewer opportunities to be near a fire) as
well as because fires were more common in months when
maritime flow trajectories were less common (Figure 7).
November andDecember experienced far more fires, less rain-
fall along the trajectory prior to measurement, and generally
more continental flow while the second half of the rainy
season was more maritime in nature, with fewer fires andmore
rainfall along the trajectories. The fires in November and
December were primarily from the sugar cane–harvesting
season, the effects of which have been previously discussed
in Warner and Twomey [1967] and Warner [1968].
[16] Conversely, the continental concentrations were

highly dependent on the number of fires observed along
the trajectory (Figure 6c), while showing some dependence
on hours over land and no relationship with distance to
Brisbane (Figures 6a and 6b). The lack of dependence on
distance to Brisbane in the continental flow is unsurprising,
given that the measurements collected in continental flow
were inland from Brisbane and were more often made
upwind of the city.
[17] Figure 6d illustrates how both regimes’ aerosol

concentrations were affected by recent rainfall. While noisy,
the trend suggests that the concentrations will be lower with
greater rainfall, as would be expected due to precipitation
scavenging [e.g., Kerker and Hampl, 1974; Barlow and
Latham, 1983].
[18] Trajectories and locations of fires throughout the 120 h

duration of each trajectory are illustrated in Figure 8 for exam-
ples of two extreme aerosol concentration measurements.

Figure 8a displays the highest PCASP concentration
(1610 cm�3) on 6 December 2008, while Figure 8b
shows the cleanest case (PCASP concentration, 73 cm�3)
on 14 February 2009. The 6 December case spent 51 h over
land, was in proximity to 2436 fires (this value does include
multiple counts of the same fire) throughout its 120 h path,
and had very little (1.2 mm) rainfall to scavenge aerosol
prior to the measurement. The 14 February trajectory, on
the other hand, spent only 4 h over land, did not come closer
than 50 km from Brisbane, and had nearly 12 mm of rainfall
in the previous 12 h before the measurement.
[19] Based on these additional influences on aerosol

concentration, each regime was broken into two subregimes
(Figure 9): a “city-influenced maritime” regime was defined
for trajectories with ≤12 h over land below 2 km and at least
one time step along the trajectory that was<50 km to
Brisbane, while all the remaining maritime regime data
points were classified in a “non-city-influenced maritime”
regime, and a “fire-influenced continental” regime was
defined for trajectories with >12 h over land below 2 km
and>1000 proximity fires, while all the remaining continental
regime data points were classified in a “non-fire-influenced
continental” regime.
[20] The mean aerosol concentrations for the continental

and maritime regimes, as well as their respective subregimes,
are summarized in Table 2. A t test was performed to
determine if the means in each regime and subregime were
significantly different. The t test assumes a null hypothesis
that two data sets are independent random samples from
normal distributions with equal means and equal, but
unknown, variances. The assumption of normality of
PCASP concentrations within each regime was confirmed
with the Lilliefors test [Lilliefors, 1967]. The t test between
the overall maritime and continental regimes yielded a
p value of 3.57 � 10�7.
[21] Furthermore, splitting the PCASP data into the

maritime and continental regimes reduced the overall
variability in measured aerosol concentration (measured as
a sum square deviation) by 58.5%. Splitting into subregimes
reduced the variability in the maritime and continental
regimes by another 39.8%.

3.2. Regression Model

[22] One goal of this characterization analysis is to be able
to predict general aerosol concentrations, in the absence of
in situ aerosol measurements, with a tool that is readily
available (e.g., HYSPLIT is open source). Based on this
analysis, various features related to the back trajectory for
a given measurement could be used to predict the resulting
aerosol concentration. Therefore, PCASP concentrations
were regressed on the most relevant trajectory “predictor”
variables (hours over land below 2 km, distance to Brisbane,
number of fires, and prior 12 h accumulated rainfall). Two
models were created and will be discussed below.
[23] As a first pass, we built a regression model that

treated the data as if it were more homogeneous, even
though we have seen that the maritime- and continental-
influenced flows have different relationships to the
predictor variables. Nonetheless, with this method, the
following formula was produced to estimate the PCASP
concentration:
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PCASP est ¼ 361:10þ 4:01�HOLBLþ 0:28�Fires (1)

where “Fires” is the number of proximity fires and
“HOLBL” is the hours the trajectory spent over land below
2 km. In this case, considering the whole data set as one
population, neither distance to Brisbane nor recent rainfall
was a significant predictor of the final aerosol concentration.
The adjusted R2 for this formula was 0.66.
[24] Based on the results of the aerosol characterization

analysis, however, we do expect that the maritime and
continental regimes may have different significant predic-
tors. For example, the distance to Brisbane was more related
to PCASP concentration for the maritime regime than it was
for continental. Thus, we created a formula that takes the
maritime versus continental regime classification into
account. This formula produced the following relationship
to estimate PCASP concentration:

PCASP est ¼ 544:49þ C� 0:24�Firesþ 2:41�HOLBLð Þ
�M� 3:02�DTB� 22:60�Rainð Þ

(2)

where C = 1 (and M = 0) if HOLBL> 12 h (continental) and
M= 1 (and C= 0) if HOLBL ≤ 12 h. In this relationship,
“DTB” is the distance to Brisbane city center and “Rain”
is the amount of modeled rainfall (mm) accumulated in the
12 h period prior to measurement time. The adjusted R2 for
this model was higher as we expected, at 0.71.

4. Regime Characteristics

4.1. Thermodynamic Environment

[25] In addition to differences in aerosol, there may be
inherent environmental differences between these regimes
that could affect cloud microphysics. Here we present a
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few factors, such as moisture and instability, to investigate
this possibility (Figures 10–11). Cloud base heights were
consistently lower in the maritime regime, suggesting more
humid surface conditions, although average cloud base
temperatures were quite similar between the two regimes.
Average precipitable water was also fairly similar between
the two regimes, although the continental regime exhibited
variability that included colder cloud base temperatures
and slightly higher precipitable water than the maritime
regime.
[26] Instability is often measured by Convective Available

Potential Energy (CAPE); however, CAPE is highly depen-
dent on surface conditions that can temporally and spatially
vary. Given that the 00Z soundings are taken at 10:00 A.M.
local time, it was often the case that surface conditions
measured by the sounding were not representative of the
time of convection. Thus, here we present the Total Totals

stability index [Miller, 1972] as well as CAPE values that
were calculated using modified soundings to convective
temperature. The Total Totals index is calculated as

Total Totals ¼ td850 þ t850 � 2� t500 (3)

where td850 is the dew point at 850 hPa and t850 (t500) is the
temperature at 850 (500) hPa. Higher values indicate
increased instability. Figure 10d indicates that both regimes
have similar mean instability using this index. The continen-
tal regime, however, does exhibit a larger range of instability
including slightly higher instability values. The modified
CAPE values (Figure 11) continue to suggest that the
continental regime often had higher potential instability than
the maritime regime; however, we must note that convective
temperatures were not always reached, especially for the
continental regime, so these are just estimates of potential
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instability. Moreover, the vertical distribution of CAPE
between the two regimes varied. For example, the total CAPE
in the maritime regime was often limited by a trade wind
subsidence inversion in the midlevels (see Figures 11c–11d).
The CAPE values between 0 and 3 km were much more sim-
ilar between the two regimes, although the maritime regime
tended to have slightly more CAPE in this range (Figure 11b).
The lower cloud base heights in the maritime regime may
have contributed to this, allowing for more CAPE to occur
below 3 km.

4.2. Aerosol Characteristics

[27] Aside from the significantly different PCASP
(accumulation mode) aerosol concentrations discussed in
section 3 that were used to help define the two regimes,
the maritime and continental regimes also have unique
features in the full aerosol size spectra created by
combining measurements from the DMA, PCASP, and FSSP
(Figure 12). Despite substantial variability in the measure-
ments, the mean spectra highlight the tendency for the mari-
time regime to have a greater nucleation mode (<0.1 mm) of
aerosol particles compared to the continental regime. Due to
the extremely low concentrations of large particles measured

by the FSSP, there is considerable noise in the coarse
mode end of these spectra. Yet interestingly, the coarse modes
(>3 mm) in both regimes are quite similar, although the
maritime regime tends to have more coarse mode particles
on average. Particle impactor samples indicated that most of
the coarse mode particles analyzed, regardless of regime, were
mineral dust [Tessendorf et al., 2012]. While this seems
contrary to what one would expect for a maritime regime
(in which sea salts often are more commonly attributed to
the coarse mode), the fact that the maritime regime had lower
cloud base heights could have allowed more of an influence
from the land surface, even for the short duration that the
trajectory spent over land prior to the measurement.
[28] When dividing into the four subregimes (Figure 13),

some of the variability exhibited in Figure 12 is reduced.
In particular, it is clear that the fire-influenced continental
regime has a very weak coarse mode and an enhanced
accumulation mode. Furthermore, the city-influenced mari-
time spectrum appears to be responsible for the enhanced
nucleation mode particles observed in the maritime regime
in Figure 12. In fact, the city-influenced maritime regime
exhibits the highest nucleation mode concentrations of all
four subregimes and also has enhanced accumulation
particle concentrations compared to the non-city-influenced
maritime regime (Figure 13). Particle impact samples
analyzed on one such city-influenced maritime regime case
(22 January 2009) indicated sulfur-bearing fine mode
particles, similar to that measured in continental regime
samples [Tessendorf et al., 2012].

4.3. Cloud Microphysics

[29] Initial (“cloud base”) maximum droplet concentra-
tions measured 300–600 m above cloud base should in
theory be correlated with the aerosol that serve as CCN
found at cloud base if they enter the cloud and become
activated [Hudson et al., 2009, 2010]. However, taking in
situ droplet measurements in cloud just above cloud base
has several caveats, making it difficult to isolate the region
of the cloud where you would expect the droplet measure-
ments to be most related to the subcloud aerosol. Such issues
are related to entrainment of cloud-free air, which dilutes the
cloud water in the parcel below adiabatic conditions and
typically affects cloud edges; drizzle and precipitation
formation that may be falling from above, which may artifi-
cially broaden the drop spectra; and varying supersaturations
in the cloud, in part due to varying updraft velocities, will
also affect the number and sizes of particles that are
activated. As described in section 2, we have done some
processing of the data to omit measurements that may have
been affected by precipitation (i.e., measurements having
particles>100 mm on the CIP and PIP probes). Nonetheless,
there are still several methods for characterizing the droplet
concentrations in clouds, and each can yield different results
[Yum et al., 1998; Hudson and Yum, 2001, 2002]. For
example, one simple method is to calculate flight-averaged
droplet concentrations, as has been done in some aerosol
characterization studies; however, the cloud edge measure-
ments will act to dilute the mean and would not provide
the best measurements with which to compare the aerosol
observations for individual clouds in the present study.
Therefore, we aim to isolate measurements representative
of the adiabatic core of the cloud. The maximum droplet
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Figure 9. Box and whisker plots of median PCASP
concentration for each of the subregimes: non-city-influenced
maritime (NCMAR), city-influenced maritime (CITYMAR),
non-fire-influenced continental (NF CON), and fire-influenced
continental (FIRE CON). For sample sizes in each category,
see Table 2.

Table 2. Regime and Subregime Mean Cloud Base PCASP Con-
centrations and Number of Measurements (N_obs) and the Number
of Unique Days in Which the Measurements Were From (Days)

Regime Subregime
Mean PCASP

Concentration (cm�3) N_obs Days

Maritime All 319 22 12
Non-city-influenced 237.9 10
City-influenced 386.7 12

Continental All 786.6 47 17
Non-fire-influenced 670.2 32
Fire-influenced 1097 15
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concentration within a cloud pass should perform better for
this purpose; however, absolute maximum measurements
can be the result of artificial spikes in the data.
[30] Despite these challenges, we have attempted three

different methodologies for calculating the typical droplet
concentration, mean diameter, and size spectra just above
cloud base that could result from nucleation on the aerosol
particles that were measured below cloud base. Each method
is described below, followed by a discussion of the results.
As one may expect, each yielded different results, and we
cannot speculate which is more correct, rather they are all
possible scenarios that need to be considered.
4.3.1. Steady State Method
[31] This method is the most subjective of the three we

utilized. Here we based the method on the principle that, when
the aircraft is well inside the cloud and near the adiabatic core
of the cloud, the liquid water content and drop concentrations
should be fairly steady for a minimum of 3 s, which translates
to roughly 250 m. Thus, these periods of level drop measure-
ments were noted and means of the concentrations, mean
diameter, and size spectra over the course of these steady
periods were calculated for each cloud penetration.

4.3.2. Maximum Drop Concentration Method
[32] As stated earlier, in theory the maximum droplet

concentration should be related to the subcloud aerosol.
However, spikes that may occur in the 1-Hz data prevent this
correlation from always being the case. Thus, we
implemented an objective strategy that calculated the maxi-
mum droplet concentration in a given penetration and then
took a mean of the concentration, mean diameter, and size
spectra over the course of a 3 s period, plus or minus 1 s
from the 1 Hz maximum measurement. This method ideally
helped to smooth out spikes, but some of the 3 s averages
may still have some influence from data spikes.
4.3.3. “Binmax” Method
[33] This method was presented in Yum et al. [1998] as an

objective way to identify the near adiabatic droplet concen-
trations in cloud passes, while reducing the chances of
contamination from spikes in the data. In their study, this
method had high correlations of droplet and CCN concentra-
tions; however, they included all cloud droplet measure-
ments over a particular flight. In the present study, all 1 Hz
droplet concentration measurements during passes through
a particular cloud were binned into 10 cm�3 frequency
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distribution bins of droplet concentration. The data points in
the bin with the highest concentration that also contained at
least three 1-Hz data points were then used to calculate the
droplet characteristics for that particular cloud. The droplet
concentrations, mean diameters, and drop size spectra were
then averaged from those data points in that maximum
bin and used to represent the drop characteristics for the
given cloud.
4.3.4. Cloud Base Droplet Characteristics
[34] Droplet concentration and mean diameter results

using the steady state and maximum methods were very
similar on average in both the maritime and continental
regimes (Table 3), with the maximum method resulting in
the highest drop concentration measurements, as may be
expected. The similarities between the two regimes were
peculiarly surprising given the marked differences in aerosol
and CCN concentrations that had been observed. The
“binmax” method yielded the most notable differences
between the two regimes in a manner that would be expected
given the lower (higher) aerosol concentrations and thus lower
(higher) droplet concentrations in the maritime (continental)
regime (Table 3). Mean droplet diameters were also larger in
the maritime regime than the continental regime, which is also
expected given the lower droplet concentrations and slightly
broader aerosol size distributions in the maritime regime.

[35] Despite the similarities in droplet concentration
between the regimes using the steady state and maximum
methods, the cloud base droplet spectra did exhibit some
slight differences in that, on average, the maritime spectra
were generally broader due to a tail of larger droplets
(Figure 14). This was also the case using the binmax
method. This result was most notable in the steady state
and binmax methods, in which the difference in the concen-
tration of drops larger than 20 mm was statistically signifi-
cant between the two regimes for both of these methods.
The mean diameter was significantly different between the
regimes (i.e., larger in the maritime regime) under the
binmax method only. This tendency for a tail of larger drops
in the maritime regime could be the result of droplet
nucleation on larger aerosol particles (exhibited in the coarse
mode of Figure 12).
[36] Comparing these results with cloud base droplet

characteristics measured in extremely continental [Fitzgerald
and Spyers-Duran, 1973; Dye et al., 1986] or truly maritime
[Hudson and Mishra, 2007; Hudson and Yum, 2001, 2002]
locations indicates that both regimes herein are really modified
versions of what is traditionally “continental” or “maritime”
(Figure 15). Recall that in this study all “maritime regime”
measurements were indeed measured over land. However,
these ranges of cloud base droplet measurements are fairly
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typical of coastal or transitional locations, such as continental
Florida or polluted areas of the Indian Ocean (Figure 15)
[Hudson and Yum, 2001, 2002].

5. Supersaturation Calculations

[37] In order to investigate the observed similarities
between the maritime and continental regimes’ initial droplet
concentrations, despite their differing aerosol and CCN
concentrations, we have calculated the theoretical supersatu-
rations that could have been attained. Using the data from
the CCN supersaturation cycles, it is possible to determine
the constant values in the CCN activity spectrum given by
Twomey [1959] as

N ¼ C S � 1ð Þk (4)

where N is the total number concentration of CCN, C is
the constant for number concentration of CCN particles
(that represents an extrapolation of the CCN concentration at
1% SS), and k is the slope index. Although the CCN cycles
were nominally run at 0.3%, 0.5%, and 0.8% SS, not every
cycle actually stabilized temperatures at the specified supersat-
uration. Therefore, the temperature difference within the
column was used to calculate the actual supersaturation for
each measurement. Furthermore, only measurements taken
once the temperature differential had stabilized were used in
this analysis.
[38] A total of eight maritime and nine continental CCN

cycles were used to determine the regime average CCN activ-
ity spectrum constants. Similar to past studies [e.g., Twomey,
1959; Twomey and Wojciechowski, 1969], our measurements
showed that C and k are both lower in maritime clouds
compared to continental. We calculated median C values of
397 cm–3 for maritime and 1036 cm–3 for continental clouds,
and a median slope index (k) for maritime clouds of 0.75
compared to 0.97 for continental measurements.

5.1. Theoretical Maximum Supersaturation

[39] Twomey [1959, 1977] provides an estimate for
theoretical maximum supersaturation at specific cloud base
conditions, given as

S � 1ð Þmax ¼
"
2A

3
= 2Wu

3= 2

,
BG

1=2CkBðk=2 ;3=2Þ
# 1

kþ2

(5)

where C and k are defined as above; wu is the updraft velocity;
B(k/2,3/2) is the complete beta function; and the A, B, and G
parameters are composed of state parameters, air and water
constants, and the cloud base height and temperature. Using
the mean values for C and k found for the maritime and
continental regimes above, as well as the regime average
cloud base heights and temperatures (Table 4), the theoretical
maximum supersaturation for each regime was calculated at a

Table 3. Average Cloud Droplet Concentrations (Conc), Mean Diameter (Diam), and Concentrations of Droplets Greater Than 20 mm
(Conc> 20) by Regime for Each of the Three Calculation Methods. aStandard deviations (StdDev) and p values are also provided

Method Regime Conc StdDev p Diam StdDev p Conc> 20 StdDev p

Steady state MAR 411 135 .94 12.1 1.7 .13 5.9 7.8 .03
CON 431 111 11.1 0.8 1.7 1.5

Maximum MAR 596 62 .30 11.1 1.2 .54 4.0 5.2 .65
CON 534 113 11.1 0.8 2.6 3.6

BinMax MAR 353 207 .41 12.8 2.3 .01 7.9 9.0 .08
CON 414 154 10.9 1.6 3.4 7.7
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variety of updraft speeds, shown in Figure 16. Under these
assumptions and at a constant updraft speed, the maritime
regime has the potential for greater supersaturations than the
continental regime. This difference in potential supersatura-
tion is mostly attributed to the different C and k parameters
for the given regime.

5.2. “Actual” Supersaturation

[40] Where possible, the CCN measurements were paired
with measurements of drop concentration between 300 and
600 m above cloud base (using the steady state method for
this analysis). Using the individual flight values for C and k
and the maximum cloud base drop concentration as N,
equation (4) was used to calculate the “actual” supersaturation
in the cloud. The maritime and continental averages were
0.77% and 0.55%, respectively.
[41] Despite having lower aerosol and CCN concentra-

tions, the maritime drop concentrations were very similar
to those found in continental air masses in the region. From
these calculations, we conclude that the maritime clouds
experienced higher supersaturations than their continental
counterparts, on average, and thus were able to activate a
higher fraction of aerosol particles.

6. Summary

[42] The goal of this study was to document representative
cloud base aerosol conditions in the southeast Queensland

region and investigate the relationship between the cloud
base aerosol and initial cloud droplet spectra to establish
implications of the aerosol on the cloud microphysics. Such
representations could then be used to initialize models to
further study potential aerosol impacts on precipitation
formation in the region.
[43] Two general regimes were identified with maritime

versus continental influences based on the hours each
measurement’s back trajectory spent over land. However,
within each of these two regimes there was still substantial
variability in aerosol concentration that was determined to
be related to other factors, such as proximity to Brisbane
or proximity to fires. Furthermore from these measurements,
a regression model was developed that could be used for
future radar analysis and cloud seeding operations in the
region, in the absence of in situ aerosol measurements.
Representative mean aerosol and cloud droplet spectra were
also presented for each regime, which could be used as
guidance in initializing and validating cloud resolving
models. Finally, the somewhat surprising result that both
the maritime and continental regimes had similar initial
droplet concentrations (especially the cases using the steady
state and max calculation methods) despite having signifi-
cantly different aerosol concentrations could be attributed
to the maritime regime inherently achieving a higher
supersaturation. This would allow for a higher fraction of
the aerosol particles to activate and form droplets, raising
the droplet concentrations to levels more similar to the
continental regime.
[44] The thermodynamic environments of the continental

and maritime regimes were quite similar in instability and
total precipitable water; however, the total potential instability
was often higher in the continental regime. This was most
likely because the midlevel trade wind inversion present in
the maritime regime limited total CAPE values. The CAPE
near cloud base (between 0 and 3 km) was much more similar
between the two regimes. The most notable difference
between the regimes was in the cloud base heights, which
were consistently lower in the maritime regime. This environ-
mental influence on the clouds that formed under the
maritime regime could have contributed to the higher concen-
trations of coarse mode aerosol particles by nature of the
measurements being taken closer to the ground surface. Our
initial cloud base droplet spectra often tended to have a tail
of larger drops in the maritime regime compared to the conti-
nental regime, which could be the result of the differing
coarse mode aerosol concentrations. Furthermore, the aerosol
spectra in the city-influenced maritime regime had the highest
concentration of nucleation mode particles, which may have
been attributed to the influence of city pollutants.
[45] Sorting out the relative importance of thermodynamics

from aerosol effects is one of the biggest challenges in
aerosol-cloud interaction studies. By having defined these

Table 4. Average Parameters for Each Regime Used in Equation (5)

Parameter Maritime Continental

Cloud base height (m) 889 1319
Cloud base temperature (�C) 18.25 17.15
C, CCN concentration extrapolated to 1% SS (cm�3), from equation (4) 397 1036
k, slope index from equation (4) 0.75 0.97
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aerosol regimes in a quantitative way, we hope that future
observational studies in the region can further diagnose the
potential effects of the aerosol regimes and that numerical
modeling studies can help fill in the gaps where our
observations are incomplete and unable to control for aerosol
differences alone.
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