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zle design to enable outdoor
marine cloud brightening experimentation

Luke P. Harrison, *ab Chris Medcraft b and Daniel P. Harrison bc

Marine Cloud Brightening (MCB) is a proposed solar radiation management technique whereby the albedo

of low-lying clouds is artificially enhanced by the addition of Cloud Condensation Nuclei (CCN). It is

generally accepted that these would be produced by atomisation of seawater to produce droplets which

form appropriately sized artificial sea spray aerosol (SSA). Despite extensive theoretical consideration of

the MCB concept, progress in understanding how perturbations to complex cloud microphysical

processes would evolve has been hampered by the technical inability to produce the very large numbers

of SSA required. To facilitate the first phase of outdoor experimentation a single MCB station should be

capable of producing around 1015 per s CCN. Effervescent nozzle technology has been posited as

potentially capable of meeting these requirements. Here we describe an effervescent nozzle design that

produces ∼1.73 × 1012 per s SSA, with ∼71% of aerosols within a 30 to 1000 nm range (considered likely

CCN), using ∼512 W of energy per nozzle. Producing 1015 CCN using this design would then require 814

nozzles and around 417 kW of energy, a demand that can be practically met on a research vessel. The

nozzle described here is therefore sufficiently practical to facilitate outdoor in situ experimentation of

MCB, enabling a new generation of perturbation experiments that directly probe cloud microphysical

and radiative responses to aerosol.
Environmental signicance

Marine cloud brightening is a solar radiation management technique that is being considered for the protection of ecosystems, through either global or regional
application, including over the Great Barrier Reef. Despite over 30 years of theoretical research, outdoor eld experimentation could not proceed until tech-
nology was developed which could produce the required quadrillions per second of nano-sized sea salt crystals from seawater. In this submission we describe
the development and laboratory characterisation of the dual uid effervescent seawater atomising nozzle which was the technological development that has
enabled the world's rst outdoor eld trials of MCB to be undertaken within the Great Barrier Reef.
1 Introduction

Marine Cloud Brightening (MCB) is one of several proposed
solar radiation management techniques with the goal of
reducing temperature rises associated with global climate
change.1,2 The technique aims to increase the number of
available Cloud Condensation Nuclei (CCN) within susceptible
low-lying marine clouds by providing sub micrometer sized sea
salt aerosols, the activation of the additional CCN can increase
cloud albedo.3 Increased cloud albedo would reduce the
amount of shortwave solar radiation reaching the sea surface,
reducing surface temperature.4 The concept was rst advanced
over three decades ago and there has been progress on under-
standing the theoretical implications of perturbing clouds in
atronic Engineering, University of Sydney,

al Marine Science Centre, Southern Cross

, 2006, Australia

the Royal Society of Chemistry
this manner through modelling studies3,5,6 and the study of
natural analogues.7–9 However, practical demonstration of the
concept and real-world experimentation to test theoretical work
on cloud microphysical and radiative responses have been
hampered by a lack of technology that can generate the very
large numbers of nano sized sea salt aerosols required.10

Ambient aerosol concentrations in the marine boundary
layer in remote ocean regions are typically low, resulting in low
CCN concentrations of approximately 50 to 100 cm−3. To
produce a globally averaged negative forcing of ∼−4 W m−2,
a target aerosol concentration increase of 200 to 400 CCN per
cm3 has been suggested for regions with the most susceptible
clouds.1 Such a change in radiative forcing would offset the
expected temperature increase resulting from a doubling of
carbon dioxide concentrations in the atmosphere,11 currently
expected by the year 2100.12 Spraying of sub micrometer sized
droplets of seawater at or near surface level has been proposed
as the most efficient and practical method to produce the
necessary CCN.13 This technique would rely upon turbulent
mixing and convection within the boundary layer to transport
Environ. Sci.: Atmos., 2025, 5, 1071–1080 | 1071
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the resulting sea salt aerosols to the base of the clouds to be
ingested and activated as CCN to form cloud droplets. Latham
et al. suggests that for experimentally proving the MCB concept
a “phase 1” spraying station should be capable of creating
a measurable increase in cloud albedo at ∼100 km downwind,
which would require CCN production rates of between 1015 and
1016 particles per second.11,13 Estimates of ideal production
rates per station for implementation also vary over at least an
order of magnitude from 1016 to 1017 s−1.1,6,13–15

A major challenge to the technological implementation of
MCB is producing particles within a size range optimized both
for energy consumption and for tendency to activate as CCN.
Early literature on MCB suggested sizes of 200 nm dry aerosol
diameter.13 Latham et al. found from an aerosol-cloud and
precipitation interactions model (ACPIM) that salt particles
with a mass greater than 3 × 10−19 kg (∼33 nm dry sphere
diameter) are large enough to signicantly enhance the albedo.
Connolloy et al.35 2014 sought to include the assumed energy
required to produce the sea spray into an optimization of the
ideal droplet size. They employed a cloud parcel model to
explore the effect that altering the aerosol particle size distri-
bution has on the activation and growth of drops while
assuming energy for droplet production was proportional to the
water volume spraying rate. They concluded that particles with
diameters from 30 to 100 nm were optimal in terms of energy
efficiency for MCB, showing essentially that the proportion of
the articially produced aerosol population that successfully
activates decreases less rapidly than the volume of water
sprayed in this size range. Given that aerosol size dependent
microphysical responses for in situ MCB cloud perturbation
experiments using sea salt aerosol have not yet been reported,
the ideal size distribution for MCB remains uncertain.

Effervescent atomization is a twin uid atomization tech-
nique which uses a mixture of high-pressure liquid and gas to
produce remarkably small droplets in relation to injection
pressures and orice size.16 The technology relies on the gas, in
this case air, being introduced into the owing liquid (seawater)
to create a bubbly two-phase ow. As the liquid exits the orice
it breaks into ligaments, which are then shattered into ne
droplets by the rapid expansion of the gas.17 Cooper et al.
investigated the use of effervescent technology for MCB sea
spray generation and estimated that their nozzle conguration
could produce 5.3 × 1012 particles per second, with a count
median diameter (CMD) of 63 nm using 0.43 mL per s saline
solution. This conclusion assumed that the size distribution of
aerosol produced could be adequately approximated with a log-
normal distribution. However the reported experimental results
showed that the tail did not follow a log-normal distribution.18 A
long ‘tail’ consisting of a small number of larger sized particles,
can account for the majority of the liquid mass ow, due to the
cube relationship between diameter and volume and thereby
lead to an overestimate of the production rate. This was the case
in the results reported by Cooper et al. due to a aw in the
methodology as the experiments reported here reveal.

The original objective of the present work was to conrm the
performance of the effervescent nozzle design of Cooper et al.18

and to explore the feasibility of upscaling to a system of
1072 | Environ. Sci.: Atmos., 2025, 5, 1071–1080
sufficient scale that could be operated from a research vessel to
enable initial insitu experimentation on cloud. For this we
adopted a design energy goal of around 100–200 kW, being
a quantity of energy that can be practically provided on
a modestly sized research vessel and target production rate of
around 1015 s−1. In order to reach the target specication an
improved nozzle conguration was developed and is described
here along with an improved methodology for nozzle testing
that is not subject to the previous errors in estimates of
production rate and which also provides less biased estimates
of resulting sea salt aerosol size distributions.

2 Methods
2.1 Apparatus design

An experimental apparatus was developed to provide the air and
seawater at a range of pressure and ow rates to facilitate
testing of a variety of effervescent nozzle congurations. The
basic principle of the apparatus and nozzle arrangement follow
that described by Cooper et al.18 To simplify the experimental
equipment required, pressurized air over water, contained
within a pressure vessel was used to pressurize the water ow
rather than the use of a continuous piston displacement pump.
This difference means that the present apparatus runs in
a batch mode with a maximum discrete run time determined by
the volume of water in the pressure vessel and the water ow
discharge rate. It has the advantage of operating smoothly
without the need to dampen the ow uctuations introduced by
the high-pressure water pump. It also has the advantage of
allowing the testing of a wider range of ow rates without
requiring a set of pumps of multiple specication. The ow rate
maximum is limited by the time requirement to obtain steady
ow and time required to make sufficient measurements. A
disadvantage is that the nozzle can not be run over long periods
of time to test for degradation in performance characteristics.
The supply of high-pressure air was never limiting in these
experiments.

The apparatus consists of a water reservoir, air pressure
supply SCUBA tank, 1/400 and 1/1600 stainless steel tubing and
various valves and pressure regulators (Fig. 1b). The pressure
supply is regulated, and airow passes a 20 mm lter before
being used to pressurise the water reservoir and supply the gas
for the effervescent nozzle. The ltered seawater is preloaded
into the pressure vessel which is arranged vertically such that
pressurized air, introduced to the upper portion, sits above the
water which exits at the bottom of the vessel. During spraying
operation, the liquid exits the pressure vessel through a 20 mm
lter, followed by impedance tubing, formed of a 30 cm length
of 1/1600 tubing with a 374 mm bore, to enter the bottom of the
mixing tee. Themixing chamber used in this study is a modied
post column reaction tee from Valco Instruments Ltd, as
described in the Cooper et al. study. Air is supplied to the rear of
the mixing tee through 1/400 stainless tubing and water supplied
to the side/bottom of the tee through the ow impedance
tubing. Both the air and water ow rates were monitored using
Keller differential pressure transmitters (PD-33X). A control
system allowed for real-time monitoring and control of ow
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (a) Digital model of the improved mixing tee and misting nozzle
assembly with an internal divergence. Compressed air entering from
the left of the mixing tee and seawater entering from the bottom
through flow impedance tubing. (b) Schematic of the experimental
effervescent nozzle flow/pressure supply. (c) Schematic of the wind
tunnel/sampling experimental design.
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rates and Gas to Liquid Radios (GLR). A schematic of the
apparatus design, including all major components is shown in
Fig. 1b.

Comparison tests were initially conducted using the cong-
uration and geometry as described within the Cooper et al.
study.18 Numerous variations to the nozzle geometry and oper-
ating parameters were then explored in an effort to improve
aerosol production rate and efficiency (number production rate
per unit energy). We do not report here the many iterations, but
rather report the results of what we found to be the optimum
arrangement of those tested. Notable alterations included the
replacement of the sapphire exit orice with a commercial
‘misting’ nozzle (MT.201SS, Tecpro Australia) which includes
an internal divergence before a 200 mm exit orice. Another
change was an increase from 250 to 750 mm internal bore size
for both the gas and liquid entry orices to the mixing tee. The
internal divergence is used in misting nozzles to create a spray
pattern when operating with solely liquid. Results are presented
for the updated nozzle arrangement (750 mm internal bore size)
and for the 250 mm internal bore size, as used in the Cooper
et al. study, to illustrate their respective contributions to the
improvement in production rate achieved by this work. The
internal conguration of the mixing tee and commercial
© 2025 The Author(s). Published by the Royal Society of Chemistry
misting nozzle are shown in Fig. 1a, with gas entering from the
le and liquid entering from below.

The experiments used ltered seawater from the supply at
the National Marine Science Centre (NMSC), Southern Cross
University, located in Charlesworth Bay, Coffs Harbour (Lat
−30.266705°, Lon 153.140628°). The NMSC uses a ow through
seawater supply system, taking water from Charlesworth Bay
before ltration to 5 mm and UV sterilisation. The salinity of the
water used in the present experiments was 29.4 ppt.
2.2 Sampling methodology

A schematic of the sampling design is shown in Fig. 1c. Char-
acterization of the produced aerosol was undertaken subse-
quent to passage along a small portable wind tunnel, 10 m long
by 0.6 m in diameter with wind speeds from 5 to 6 m s−1.
Aerosol measurement instrumentation was placed approxi-
mately 9 m downwind of the nozzle outside the wind tunnel,
with a sampling probe extended into the tunnel at a 90° angle to
extract sample air. Two (700 mm and 400 mm long) Naon
dryers (Perma Pure, USA) were used in series to dry the sample
ow for all instrumentation. An aerosol dilutor (DI-1000, Dek-
ati, Finland) was placed in line to reduce the total aerosol
concentration. The dilution amount was measured before each
test and then applied to the subsequent nozzle test. Aerosol
sampling instruments included two Brechtel 1720 Mixing
Condensation Particle Counter (MCPC), a Brechtel 2100 Scan-
ning Electrical Mobility Sizer (SEMS) and a TSI 3321 Aero-
dynamic Particle Sizer (APS). Together the SEMS and APS
measure aerosols with diameters ranging from 0.01 to 10 mm
(10 to 10 000 nm). Simultaneous measurements were taken with
both instruments and then processed using R Soware.19 The
aerodynamic particle size, as measured by the APS, was con-
verted to volumetric particle diameter with an assumed particle
composition of NaCl (1.3 g cm−3 at 50% RH).20 The SEMS and
APS size distributions were joined by averaging the particle
concentrations within the instrument overlap region (∼524–
1000 nm). The aerosol size distribution as measured by the
SEMS and APS was then scaled by total concentration to match
that of the MCPC. The sample line relative humidity was
measured at the inlet of the SEMS and used to correct the
particle diameter to dry diameter, if necessary, i.e. if the relative
humidity was above 50%. The resultant size distribution was
then corrected for inlet losses using the particle loss calcu-
lator.21 The ambient size distribution and number concentra-
tion was measured and subtracted from the test. Background
concentrations ranged from 3740 to 35 755 cm−3, representing
approximately 0.5–3% of the aerosol concentrations measured
during spraying tests.

To consider the potential effect of coalescence on particle
size in previously reported studies, a spraying experiment was
also conducted in a static volume of air contained within
a gazebo of 40 m3 volume. In this case the ambient concentra-
tion was reduced by recirculating the air within the volume
through a HEPA ltering system until the background concen-
tration was less than 1000 cm−3, or less than 1% of the test
concentration. The effervescent nozzle was sprayed into the air
Environ. Sci.: Atmos., 2025, 5, 1071–1080 | 1073
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volume for a duration of 30 seconds, and the air volume mixed
with a large fan for 3 minutes from the commencement of
spraying. In these experiments aerosol measurement was per-
formed continuously for 30 minutes following the nozzle
spraying commencement and using the same instrumentation
as in the ow through wind tunnel experiments. Data analysis
followed the samemethodology as described above for the wind
tunnel experiments however no diluter was used.
2.3 Lognormal tting

A lognormal model was tted to the size distribution data for
use in production rate estimates, to match the methods
described in the Cooper et al. study.18 This was done using the
nls (Nonlinear Least Squares) function of the ‘stats’ library of R,
version 4.2.1.19 The tted log normal distribution (using
‘dlnorm’ command) has a density:

f(x) = 1/(O(2p) s x) e−((log x − m)2/(2s2))

where m and s are the mean and standard deviation of the
logarithm. The mean is E(X) = exp(m + 1/2 s2), the median is
med(X) = exp(m), and the variance Var(X) = exp(2 × m + s2) ×
(exp(s2) − 1) and hence the coefficient of variation is
sqrt(exp(s2) − 1) which is approximately s when that is small
(e.g., s < 1/2).
2.4 Volume calculations

To convert the measured dry particle diameter/number into
sprayed droplet volume, the particle diameter was multiplied by
4.1 to give the sprayed droplet diameter. This 4-fold reduction in
diameter approximation from droplet to particle is based on
a simple calculation of the diameter of a sphere with 3.0%
(derived from measured salinity) mass of a given droplet,
considering the density of seawater (1.03 g cm−3) and the
density of NaCl (2.16 g cm−3). From the sprayed droplet diam-
eter we could calculate the volume of an individual droplet at
each size, and then proportionally apply that to the number
concentration at each size.
2.5 Particle production rate

Two methods of calculating the total number of particles
produced per second were employed, the rst ‘mass conserva-
tion’method replicated the approach of the Cooper et al. study,
in which the total volume of sprayed liquid is apportioned
according to the measured resultant size distribution,
accounting for an assumed 4-fold reduction in diameter from
droplet to dry salt particle.18

The second ‘tunnel ux’ method is introduced in this study.
The spray is introduced within a wind tunnel of known diam-
eter andmeasured wind velocity. The number production rate is
then simply estimated as the ux of aerosols along the tunnel.
Number concentration of aerosols per unit volume (# cm−3), as
measured by the MCPC, is multiplied by the calculated volume
ux of air through the wind tunnel.

This estimate relies on the following assumptions,
1074 | Environ. Sci.: Atmos., 2025, 5, 1071–1080
(1) That the plume is evenly distributed by turbulent mixing
across the cross sectional area of the wind tunnel, which was
conrmed by taking measurements across the diameter of the
tunnel.

(2) That there is no deposition of aerosol along the length of
the wind tunnel. There is some deposition evidenced by accu-
mulation of salt crystals on the interior tunnel walls following
prolonged use of the tunnel. However, it is considered negli-
gible as measurements taken at various distances along the
tunnel for a consistent spray showed no discernible drop in
number concentration with distance downwind.
2.6 Energy calculations

The theoretical energy required to compress the gas component
of the ow was calculated for a scaled-up spraying system using
eqn (1). The power requirement to compress air to a given
pressure is calculated, adapted from Perry 1950 (ref. 22) (eqn
(10)–(74a)):

Pa ¼ k � ZWRT1

k � 1
�

2
664
�
P2

P1

�ðk�1Þ
k � 1

3
775 (1)

where Pa = power requirement for air, W; k = gas isentropic
coefficient, k = 1.4; Z = gas compressibility factor, Z = 1; W =

mass ow, kg s−1; R = gas constant, J (kg$K)−1 = 8314/
molecular weight, R = 286.69; T1 = inlet gas temperature, K;
P1 = absolute inlet pressure, kPa; and P2 = absolute discharge
pressure, kPa.

The theoretical energy required to compress the liquid
component of the ow was calculated for a scaled-up spraying
system using eqn (2). The power calculation for liquid ow
pressurisation is adapted from Douglas 2005 (ref. 23) (eqn
(24.15)):

Pw ¼ P�Ql

600
(2)

where Pw = power requirement for water, kW; P= pressure, Bar;
Ql = liquid ow rate, L min−1.
3 Results

Initially the nozzle described by Cooper et al.18 was replicated
and tested using the spray apparatus and wind tunnel as
described above. The resulting dry particle distribution (Fig. 2B)
exhibited a (dN) mode diameter of 34.7 nm with a Count
Median Diameter (CMD) of 46.6 nm and a Geometric Standard
Deviation (GSD) of 1.93. Fig. 2b displays the dNd log dX along
with standard error bars, with n= 13 samples. This distribution
displays a smaller peak than that described in Cooper et al.
(Fig. 2a). Additionally, the production rate measured in this
study using the more direct ‘tunnel ux’ method was lower by
around half an order of magnitude than that published in the
Cooper et al. study. The tunnel ux estimate of total particle
production rate used in this study resulted in 1.07 × 1012 s−1

compared with estimates of 3 × 1012 and 5.3 × 1012 in the
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Comparison of resulting size distribution of aerosol size, (a) as
reported in Cooper et al.18 and (b) tests undertaken with the same
nozzle configuration during this study.

Fig. 3 Effects of coalescence on particle size characteristics over time
in an enclosed air volume as used in previous studies. (a) Aerosol
particle size distribution. (b) Frequency histogram of particle size
normalised such that the integral over the density is equal to 1. (c)
CMD, GSD and Mode changes over time for each scan, with solid lines
showing a linear fit to each dataset.

Fig. 4 (a) Size apportioned production rate estimates from the tunnel
flux method for the modified nozzle fitted with a commercial misting
orifice across a range of iterations in operating pressure, GLR, bore
size, and orifice size. The bar graph labelling indicates the fraction of
each size range (dry aerosol diameter) to the production rate estimate.
(b) Production rate estimates comparing the three methodologies
used. Percentages denote the percentage mass closure achieved.
Note the log Y axis. (c) The particle sizing statistics for the total
distributions.
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Cooper et al. study, a difference of a factor of up to around 3 to 5
times.

The production rate was also estimated using the mass
conservation method as used by the Cooper et al. study. Both
the dry particle distribution (dN) and the lognormal t of this
data were used to calculate two separate production rate esti-
mates, lognormal tting is discussed in the methodology.
Utilizing the measured distribution produced (dN) an estimate
of total production rate of 3.49 × 1012 s−1 and using the
lognormal distribution of dN/dX the production rate estimate
was 2.06 × 1014 s−1.

Experimentation was additionally carried out in a non-ow-
through air volume (within a room), as performed within the
Cooper et al. study.18 Particle size distributions were measured
continuously, with the SEMS performing a 1 minute long scan
every ∼2.75 minutes. Both the CMD and Mode increased over
the course of measurement from 64.7 nm to 97.8 nm and
27.9 nm to 61.6 nm respectively, as shown Fig. 3c. The CMD and
Mode increased at a relatively similar rate of 1.16 and 0.82
nmmin−1 respectively. The total concentration of the rst scan,
important for estimating the rate of coalescence, was 1.1 × 105

cm−3.
Various modications to the effervescent nozzle congura-

tion were trialled with the aim of increasing the production rate
of the effervescent nozzle. The internal bore diameters (air and
water inlets) were increased from 250 mm, as specied by
Cooper et al., to 750 mm, and the nozzle orice was increased
from 150 mm to 200 mm.18 Additionally, the pressure was
increased from 9 MPa in Cooper et al. to 15 MPa and the GLR
varied between 0.374 to 1.0. These changes in aggregate
contributed to an increase in total production rate from 1.07 ×

1012 s−1 to 1.73 × 1012 s−1, as measured in the present study
using the tunnel ux method (Fig. 4a). Interestingly, there is
© 2025 The Author(s). Published by the Royal Society of Chemistry Environ. Sci.: Atmos., 2025, 5, 1071–1080 | 1075
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Fig. 5 Particle size distribution and cumulative volume and particle
count for highest production rate nozzle.
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little change in the CMD and the Mode of the particle size
distribution with increasing pressures and GLRs (Fig. 4c).

The estimates of total production rate derived from the mass
conservation method were higher than that of the tunnel ux
estimate, by a factor of up to around 3.3× (Fig. 4b). Estimates
using the conservation of mass method with lognormal
assumption were higher still, by a factor of up to around 31.8×.
The salt mass closure of each nozzle conguration, i.e. the
cumulative measured salt vs. the theoretical amount of salt
emitted by each nozzle varied signicantly. Mass closure of 91%
was achieved for the nal nozzle version whereas only 35% was
achieved for our replica Cooper et al. nozzle.18 The dry particle
size distribution remained remarkably consistent across all
variations of the effervescent nozzle tested, including altering
the orice diameter, salt concentration, GLR and input pres-
sure. The size distribution of the highest production rate nozzle
tested, shown in Fig. 5, had a CMD of 49.5 nm dry particle
diameter and a GSD of 2.01. This nozzle was congured with
750 mmbores for both air and water, a 200 mmnozzle orice and
was operated at 1.0 GLR and 15 MPa. For this nozzle ∼94% of
sea salt aerosol were below 200 nm dry diameter, however this
94% number fraction accounts for only 7.1% of the total volume
of water sprayed. This nozzle produces an estimated 1.73× 1012

s−1 droplets from 0.41 mL s−1
ltered seawater (and 0.3 L s−1 of

air) with 71% of those particles being within the assumed MCB
effectiveness range of 30 to 1000 nm dry diameter.

To reach a target CCN production rate of 1015 s−1 within the
30–1000 nm size range would require 814 of this current effer-
vescent nozzle. An air compressor with an assumed efficiency of
0.72 could produce the required 14.7 m3 min−1 (0.3 L s−1 × 814
nozzles) of air compressed to 15 MPa using an estimated 410.7
kW of power (eqn (1)). The required 20 L min−1 (0.41 mL s−1 ×

814 nozzles) of seawater pressurised to 15 MPa could be
supplied by a standard water pump and would only require 6.7
kW assuming a pump efficiency of 0.75 (eqn (2)). Combined this
spraying equipment would require 417.4 kW to supply the 814
nozzles.
4 Discussion and conclusions

Study of the viability of the MCB technique either regionally or
globally, requires the design and construction of MCB seawater
sprayer equipment to enable outdoor cloud perturbation
experiments to commence. The nozzle design described here
1076 | Environ. Sci.: Atmos., 2025, 5, 1071–1080
and its robust characterisation were instrumental in the design
and construction of the world's rst prototype MCB equipment,
the Aerosol, Radiation, and their Interactions Experimental
Laboratory (ARIEL).24 Equipped with the effervescent nozzle
described here, a prototype of 100 nozzles requiring approxi-
mately 55 kW facilitated the initial outdoor tests undertaken by
Harrison et al.25 and originally suggested by Latham et al.1

Latham et al.1 suggested an initial ‘phase 1’ eld campaign
aimed at measuring the near eld evolution of a sea salt aerosol
plume in the marine boundary layer which was undertaken in
2020 by Southern Cross University and partners using the 100
nozzle iteration of ARIEL.26 Key questions which can be
assessed during these early stage outdoor experimental testing
of MCB spraying equipment using the nozzle technology
described here include the number production rate, effect of
coalescence from multiple closely spaced nozzles on the
resulting particle size distribution and how it evolves within the
plume as it travels downwind, the dispersion of the plume
within the marine boundary layer,27 the physical and chemical
characteristics of the sea spray aerosol produced and the ability
of the spray generation equipment to operate robustly and
continuously at sea for the necessary periods.

Further scaling up of the spraying system output is required
to facilitate the following ‘phase 2’ stage of outdoor eld testing
suggested by Latham et al.,1 involving characterising the
dispersion of an MCB plume and its interaction with cloud
microphysical processes. This work is currently being under-
taken using an upgraded version of ARIEL that consists of 640
of the effervescent nozzles described here. Hernandez et al.28

report initial results from these sea trials showing that the
aerosol plume generated was able to raise the concentration of
CCN at cloud base height by 1.25× with the vessel at anchor.
The following phases of experimentation into MCB require
detailed aircra collected measurements29 of cloud micro-
physical properties and how they change as a result of the sea
salt aerosol injection. This work is currently underway within
the Reef Restoration and Adaptation Program Cooling and
Shading Subprogram (RRAP-CS), exploring the sensitivity of
trade wind cumulus clouds over the Great Barrier Reef Australia
to MCB.30–32 This program of outdoor atmospheric testing of
Marine Cloud Brightening has the prospect to greatly enhance
our understanding of cloud microphysical processes and
susceptibility to possible Climate Change interventions.

Energy availability on research vessels is limited33 and
development of the ARIEL system to the necessary levels of
output were facilitated by the performance improvements made
to the original effervescent nozzle described in the Cooper et al.
study.18 Alterations to the mixing tee geometry and operating
parameters led to an ∼60% increase of the total particle
production rate from 1.06 × 1012 s−1 to 1.73 × 1012 s−1 (Fig. 4)
with the CMD increasing from 46 nm to 49.5 nm, with a GSD of
2.01. This increase in particle production rate and CMD equate
to a 60% reduction in the number of nozzles required to facil-
itate outdoor experimentation of MCB. When Latham et al.2

speculated on appropriate production rates for a single station
for various stages of MCB experimental work he assumed
a monomodal spay, however the effervescent technique
© 2025 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ea00073d


Paper Environmental Science: Atmospheres

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

6 
A

ug
us

t 2
02

5.
 D

ow
nl

oa
de

d 
on

 4
/1

6/
20

26
 6

:5
3:

00
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
produces spray over a wide range of sizes from 10 to 500 nm dry
diameter. There remains considerable debate in the literature
about the ideal sea salt aerosol size for MCB as well as
minimum and maximum suitable sizes.34,35 Here we take the
range of 30–1000 nm adopting the lower limit advocated by
Connolly et al. and an upper limit of 1000 nm. Of the total
aerosols produced by our nozzle 71% or 1.16 × 1012 s−1 are
within the range of 30 to 1000 nm dry particle diameter, which
we will hence forth assume as suitable to act as CCN. In reality
this is a gross oversimplication because the actual fraction
which will activate as cloud droplets is situationally dependent.
Numerous factors determine the activated fraction of total
aerosols within a cloud such as supersaturation, the back-
ground aerosol concentration, size distribution, hygroscopicity
and other factors.36,37 Based on the most conservative tunnel
ux method the current version of ARIEL achieves 1.11 × 1015

s−1 total production rate, with 7.86 × 1014 s−1 within the target
CCN range using 640 effervescent nozzles.

To achieve the target of 1015 per s CCN by the criteria above
rather than 1015 s−1 total aerosol would require 814 of the
current nozzles. We can consider the air, water, and energy
requirements of such a system. With each nozzle requiring
∼0.3 L s−1 uncompressed air per nozzle, this would equate to
14.7 m3 min−1 of FAD compressed to 15 MPa, requiring 410.7
kW of energy. An additional 6.7 kW of energy would be required
to compress the 0.41 mL s−1 per nozzle (20 L min−1 total) to the
required 15 MPa. A total energy requirement of 417.4 kW would
likely be attainable via a simple, albeit large, diesel generator for
initial experimentation. However, further scaling up of this
nozzle to reach a implementation production rate of 1016 would
require approximately 4.2 MW of energy per station, which is
unlikely to be easily attainable for deployment scenarios.
Incrementally ramping up MCB eld experimentation has been
suggested to mitigate the potential for unforeseen
consequences.1,6

In this study we used a more conservative method to
measure the production rate of effervescent nozzles compared
with the mass conservation method used by Cooper et al.18 Our
results highlight how the mass conservation method can lead to
signicant overestimation of production rate due to the
disproportionate effect that large, difficult to sample, particles
can have on the estimate. Larger particles are more prone to
losses which lead to under sampling due to their increased
likelihood of settling out, particularly in a stagnant sampling
chamber environment or through momentum losses within
aerosol instrumentation inlet tubing.38 A further problem with
the mass conservation method is that it relies on the assump-
tion that the measured size distribution is accurate and has not
changed since the spray exited the nozzle, due to either particle
losses or coalescence. The use of a lognormal t to the experi-
mental data in a mass conservation estimate of particle
production rate as has been previously employed can further
exaggerate the overestimation. This can occur due to a failure of
the log normal model to accurately describe the real size
distribution, for example as Cooper et al. state “neglecting
momentarily the very signicant long tail at larger sizes, which
is not lognormal”. We note that the particular form of
© 2025 The Author(s). Published by the Royal Society of Chemistry
lognormal model tted to the experimental data in Cooper et al.
is not stated within their manuscript and therefore may not be
directly comparable with that used in our study. Nevertheless,
the extent to which the conservation of mass and lognormal
assumptions can upwardly bias the estimation of number
production rate, even using a tunnel, is evident from our results
with the lognormal method.

The differences observed between the dry aerosol size
distribution reported by Cooper et al.18 and our replica nozzle
(Fig. 2) can not been denitively resolved. Our apparatus differs
in that the water supply is pressurised using gas over liquid,
which introduces the potential for gas dissolution into the
liquid supply. However, the identied and most likely cause for
the discrepancy is that whilst we conducted our tests within
a relatively high ow wind tunnel, with short residence time,
Cooper et al. conducted their testing within a large room with
a long residence time, which could have led to coalescence of
the particles prior to measurement. The amount of time
between spraying and sampling is not stated in Cooper et al.,
nor the total concentration within the sampling room. We
considered the potential implications of using an enclosed
volume of receiving air in this study and found that the size
distribution shied continuously aer spraying (Fig. 3). The
aerosol concentration in the enclosed receiving volume at our
rst scan was 1.1 × 105 particles cm−3, it is unknown how this
compares to that of Cooper et al. Aer 12 minutes our measured
dry particle size distribution mode had shied from 30.1 nm to
39.98 nm (tted line), which was close to that reported by
Cooper et al. (40 nm mode). Thus, our results indicate that
coalescence occurring over a delay in sampling an enclosed
receiving air volume could account for the differences in
particle size distributions produced by our replica nozzle and
that of Cooper et al.

The experimental apparatus described here allows for real-
time control of the pressures and GLR of the effervescent
nozzle (Fig. 1b). However, there are some limitations to the
‘batch’ mode of operation. The maximum spray period is
dictated by the volume of the supply pressure chamber and
liquid owrate of the nozzle under test. For higher ow nozzles
this can become a hindrance to effective sampling given also
the relatively long scanning period required for a reasonable bin
resolution in most SMPS. Fast size scanning aerosol sizing
instrumentation, such as the Differential Mobility Sizer
DMS500 (Cambustion, UK)39 can overcome this limitation to
some extent, however suffer lower size resolution and have less
sensitivity than SMPS.40 Another potential disadvantage of our
laboratory effervescent apparatus is the gas over liquid
approach to pressurising the liquid supply. Using this tech-
nique removes the need for a high pressure water pump and
impacts of pump pulsation, however there is the possibility of
gas dissolving into the liquid, which, if it occurred may alter
particle breakup dynamics during spraying. Our results suggest
that in the case of effervescent spray any impact of dissolved gas
on the resulting aerosols size distribution are negligible. When
operated at the same GLR, results from the batch plant are
indistinguishable from those produced by the ARIEL plant
which runs continuously.
Environ. Sci.: Atmos., 2025, 5, 1071–1080 | 1077
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We assert that the methodology described in this study
provides a reliable and conservative method of estimating
nozzle particle production rate for testing various MCB nozzle
designs. The use of a turbulently mixed wind tunnel with
aerosol counting and sizing instrumentation supplied by an
isokinetic sampling inlet positioned downwind allows for
comparison between two particle production rate calculation
methods for every measurement. The ability to conduct mass
closure analysis between the mass of salt entering the nozzle
and the mass of salt measured as resulting aerosol ux along
the tunnel provides a substantial increase in condence over
previous methods.

Using the measured aerosol concentration and airow in the
tunnel to estimate particle production rate is conservative
because it is subject to undercounting if losses occur to the
tunnel walls or fallout. Fallout of larger particles is revealed
through the mass closure procedure described. The method
relies on the assumption that the tunnel is sufficiently turbu-
lently mixed such that particle concentration is uniform across
the diameter of the tunnel. We caution that the tunnel and
operating wind speed should be designed to achieve an even
distribution and measurements undertaken to conrm. Moni-
toring the spray continuously as it travels down the tunnel has
the advantage of allowing the identication of uctuating or
non-uniform spraying performance.

Conning a high production rate spray within the wind
tunnel at high concentrations may allow coalescence that would
not occur in an unconned area, such as a large scale deploy-
ment. However, the amount of coalescence should be xed for
a given nozzle and set of tunnel operating conditions (e.g. wind
speed). The tunnel ux method is likely to slightly underesti-
mate the total particle production rate of the nozzle due to these
losses but forms a more reliable basis for engineering design of
spraying systems. With great care the mass conservation
method gives results within a factor of around 2, however is
prone to large errors if aerosols resulting from all large droplet
sizes are not representatively sampled. The log-normal t
method of estimating production rate should be discounted for
size distributions that are not perfectly tted by this model with
particular attention being given to the tail of larger sized aero-
sols. In the case of effervescent spraying its use leads to unre-
alistic order of magnitude too high production rate estimates.
Previous characterization of effervescent nozzles for MCB used
a methodology of spraying into a large, contained volume of air
to characterise resulting aerosol size distributions. Coalescence
driven by the sustained high concentrations of aerosol con-
tained within the volume of air can also lead to inaccurate
aerosol sizing if measurements are not taken immediately.

The size distribution obtained from the modied efferves-
cent nozzle is sufficient for preliminary eld testing and
development of the MCB concept with 71% of sea salt aerosols
produced within the range of 30–1000 nm (Fig. 5). However,
30 nm is on the low side for activation diameter in many low
marine clouds, such as trade wind cumulus over the Great
Barrier Reef which likely have lower supersaturations41 then the
marine stratocumulus cloud decks more commonly associated
with MCB.1,5,11,42 The minimum size at which particles begin to
1078 | Environ. Sci.: Atmos., 2025, 5, 1071–1080
activate as cloud droplets (activation diameter) is dependent on
their composition and the clouds supersaturation. According to
Köhler theory, 30 nm NaCl particles would activate in a cloud
with a supersaturation of approximately 0.6, which is higher
than conventionally estimated for stratocumulus clouds but
commensurate with more recent estimations for marine stratus
clouds generally.43 In a warm trade wind cumulus regime,
common over the Great Barrier Reef during summer this level of
supersaturation could be expected only under exceptionally low
aerosol background conditions.44 Even for these cloud types, the
argument of 30 nm as an efficient size relies largely on the
assumption that energy required to generate the particles is
proportional to their volume,35 which we have not found to be
the case with current technologies. The proportion of ‘suitable’
aerosols drops very rapidly as the lower bound is increased
above 30 nm (Fig. 5). It is therefore desirable to increase the
mode of the resulting aerosol size distribution and narrow it as
well. During our experiments we varied operating conditions of
the nozzle to examine the effect on size distribution. Altering
the input pressures, GLR's, nozzle orice diameter, internal
mixing tee bore size and length of internal mixing, all resulted
in negligible variation to the size distribution. We hypothesise
that due to the relatively high GLRs at which the nozzle shows
high production rate (0.5 to 1.5) other changes in nozzle
geometry or operating parameters have little effect on the
mechanisms of droplet breakup. This is supported by the work
of Lefebvre et al.45 who showed diminishing change in particle
geometric mean diameter towards higher GLRs. Further inves-
tigation is required into alternate nozzle designs and operating
conditions to achieve a more monodisperse distribution of
aerosols with a larger size mode from effervescent seawater
spray.

In conclusion, the effervescent nozzle design presented in
this study is capable of producing 1.73 × 1012 s−1 sea salt
aerosols operating at a GLR of 1.0, and pressure of 15 MPa. 71%
of these sea salt aerosols are within the 30 to 1000 nm dry
diameter range posited as useful for MCB purposes. This
production rate and energy efficiency have proven sufficient to
enable the rst generation of outdoor research experimentation
into marine cloud brightening to proceed, paving the way for
real-world cloud perturbation studies. To scale research further
beyond the current phase of outdoor experimentation,
improvement in the aerosol size distribution produced is
desirable, and improvement in the production rate per unit of
energy necessary to keep energy requirements reasonable.
Future research should be directed at optimising both the
particle size and the energy efficiency for producing large
quantities of appropriately sized sea salt aerosols using either
effervescent or alternative seawater atomisation techniques.
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