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Abstract. Precipitation enhancement may augment water resources, yet questions still remain as to the effec-
tiveness of current cloud seeding strategies. One such strategy, hygroscopic seeding, is designed to accelerate
collision-coalescence and eventually precipitation by creating a large droplet tail in the size distribution. In the
traditional approach, particles are released at cloud base, typically through burning a flare. The effect of directly
injecting a hygroscopic powder into a preexisting cloud has not been experimentally tested in controlled condi-
tions. We performed experiments in the Michigan Tech Pi Chamber to determine how a steady-state liquid water
cloud responds to injection of hygroscopic powders. Three materials were tested: jet-milled NaCl, a newly devel-
oped NaCl-TiO; core-shell material, and Arizona test dust as a non-hygroscopic control. Injection of the powders
produced a local increase in liquid water content and stimulated formation of droplets up to 60 um in diameter.
Analysis of relevant timescales indicates that NaCl particles with dry diameters between 4 and 25 um would
be suitable for this application. These results demonstrate that in-cloud hygroscopic seeding can successfully
generate large droplets that could accelerate warm rain processes, which supports reconsideration of in-cloud
injection as a viable precipitation enhancement strategy alongside traditional cloud-base release, particularly for
warm clouds in arid and semi-arid environments.

Bruintjes et al. (2012), or Flossmann et al. (2019).

plete overview of cloud seeding, see Wehbe et al. (2023),

The modern era of precipitation enhancement began with
Schaefer (1946), Vonnegut (1947), and Langmuir (1948)’s
investigations of the effect of artificial sublimation nuclei.
Glaciogenic cloud seeding relies on the scarcity of naturally
occurring ice nucleating particles, and on the difference in
vapor pressure over liquid water and ice at the same temper-
ature. A few artificial nuclei introduced into a cloud can trig-
ger ice formation, leading to a cascade of events that result
in precipitation from a cloud that would not have rained or
snowed in the absence of the intervention. For a more com-

Though most precipitation over the continents in the mid-
latitudes involves ice (Miilmenstidt et al., 2015), rain does
result from warm phase processes as well. Accelerating those
processes is the basis for hygroscopic seeding, wherein rel-
atively large condensation nuclei are introduced into a cloud
to jump-start the collision-coalescence process by creating
large droplets (Cooper et al., 1997). Initial hygroscopic seed-
ing experiments were conducted using table salt, milled to a
nominal size of five micrometers in diameter, though prob-
lems with caking were reported (Biswas and Dennis, 1971).
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(Caking is the formation of clumps caused by moisture ab-
sorption, which hinders the dispersal of fine particles.) Hy-
groscopic flares were developed to surmount those difficul-
ties. They were designed to produce large particles of cal-
cium chloride, but also released large quantities of smaller
potassium chloride particles as part of the combustion pro-
cess (Mather et al., 1997). In randomized tests, both methods
were shown to be successful in enhancing rainfall, as judged
through radar returns. Subsequent work has established that
milled salt might be more effective if the problems with dis-
persal (caking) can be overcome (Drofa et al., 2010).

In a typical hygroscopic seeding operation, the material
of interest is dispersed in an updraft below cloud base. One
of the primary conceptual models of hygroscopic seeding,
the competition effect, relies on large hydrophilic particles at
cloud base to depress the peak supersaturation, resulting in
fewer, larger droplets (Rosenfeld et al., 2010; Cooper et al.,
1997). There are experiments, however, where hygroscopic
material was dispersed directly into a cloud (Ghate et al.,
2007; Konwar et al., 2024; Wang et al., 2019). For exam-
ple, Ghate et al. (2007) used in-cloud seeding via hygro-
scopic flares in stratocumulus as a way to test hypotheses
on aerosol-cloud interactions. They found an initial increase
in small cloud droplets, presumably from the smaller potas-
sium chloride particles typical of the Ice Crystal Engineering
flares they used (Bruintjes et al., 2012). Later interception of
the flare plume within the cloud showed larger droplets had
been enhanced. Though cloud-base hygroscopic seeding re-
mains the dominant paradigm in many programs due to flight
safety, logistics, and regulatory considerations, modeling ef-
forts have indicated that in-cloud seeding may be more effec-
tive than below cloud (Lin et al., 2023).

Laboratory studies of glaciogenic cloud seeding have a
robust history, going back to Schaefer’s original work, as
noted above. Subsequent studies have primarily focused on
the efficacy of silver iodide as an ice nucleating particle (see
Chen et al., 2024 and references therein). There have been
far fewer laboratory studies of hygroscopic seeding. Drofa
et al. (2010) and Kim et al. (2025) are two notable examples.
Here, we present results from laboratory studies of the effect
of milled salt, an NaCI-TiO, core-shell material (Tai et al.,
2017), and mineral dust on pre-existing, steady-state clouds
in the Michigan Tech Pi Chamber (Chang et al., 2016).

2 Methods

Experiments were conducted in the Pi Cloud Chamber,
which produces mixing clouds by a temperature gradient be-
tween two plates separated by 1 m (Chang et al., 2016). In
these experiments, the temperature gradient was 15 °C, with
the bottom panel at 27.5 °C, the top panel at 12.5°C, and
the walls at the average temperature of 20°C. The 20 °C
average temperature is warmer than typical operational hy-
groscopic seeding conditions (= 10-15°C), and extrapola-
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tion to field conditions are interpreted accordingly. A steady
state cloud, referred to from here on as the “baseline” cloud,
was first established by the injection of 130 nm dry diameter
NaCl particles. Baseline NaCl aerosol was generated by cre-
ating a polydisperse distribution from solution using a TSI
3076 constant output atomizer, drying in a Nafion dryer, and
finally size selecting using a differential mobility analyzer
(TSI 308100). The baseline aerosols were diluted to a con-
centration of 10° cm™> and injected into the chamber at a rate
of 2 liters per minute (L min~!). The injection aerosol con-
centration and flow rate together equate to an injection of ap-
proximately 1 cm™3 s~! when mixed into the full volume of
the chamber. After the injection of baseline aerosols began,
sufficient time was allowed for the chamber to reach steady-
state conditions, in which cloud droplet removal by settling
balances cloud droplet formation by activation (Chandrakar
et al., 2016).

Cloud droplet size distributions (DSDs) for the baseline
cloud, as well as DSDs for the following experiments, were
measured using a Welas Digital 2000 optical particle counter
and a Mesa Photonics Cloud Droplet Measuring System
(CDMS), version 2. Both counters derive sizing information
from the scattered light of particles passing through the sens-
ing volume. This scattering signal is inverted to a size based
on an assumption of sphericity and refractive index. Because
of this, there are inherent uncertainties in the size distribu-
tions immediately after dispersing dry salt and dust into the
chamber. Neither material is spherical in the dry state, and of
course, neither has the refractive index of water.

The sonic virtual temperature was measured using a high-
speed sonic temperature sensor (Applied Technologies, Inc.).
This sensor works in the same way as a sonic anemome-
ter and derives the sonic virtual temperature from the speed
of sound in air. The bulk temperature was measured using
a 100 2 £0.12 %, thin film platinum resistance thermome-
ter. Both the sonic virtual temperature and bulk temperature
measurements were co-located and sampled at a rate of 1 Hz.

With the baseline cloud established, a test aerosol could
then be injected into the chamber. Test aerosols included a
recently developed seeding powder composed of NaCl with
a TiO, shell (core-shell nanomaterial, CSNT) and jet-milled
NaCl, both provided by the United Arab Emirate’s Rain
Enhancement Program. The jet milled salt was intended to
match the size distribution of the CSNT powder and serve as
a reference for its performance as a cloud seeding agent. Ul-
trafine Arizona test dust (Powder Technology Inc.) was also
used as a non-hygroscopic reference.

Because the milled salt is hygroscopic and prone to cak-
ing as it absorbs trace amounts of moisture, each sample
was baked in a tube furnace for a minimum of 8 h at 400 °C
and periodically shaken in a test tube shaker to break up the
largest clumps. Dry size distributions of the powders, dis-
persed into the chamber using the method described below,
indicate that this process was successful in returning a por-
tion of the NaCl to its original state. However, the distri-
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butions also show that a portion of the NaCl powder was
present as large particles which quickly settled out of the
chamber. No caking was observed in the CSNT powder, de-
spite its being packed and shipped in the same manner as
the milled NaCl, and it was deemed that baking would be
unnecessary. Therefore, the CSNT injection cases discussed
here were conducted with unbaked CSNT powder. The test-
ing masses for milled NaCl and CSNT powder were chosen
based on preliminary testing in dry conditions with the goal
of injecting the same concentration of particles in each case.
Due to caking, it was necessary to inject 1 g of NaCl pow-
der to match the injected concentration from 0.2 g of CSNT.
Further details of the powders’ appearance and the dry size
distributions are given in Appendix A.

To preserve the core/shell structure of the CSNT and to
minimize sintering and caking in the milled salt, the powders
were kept dry up to the moment they were injected into the
chamber. This was achieved by loading a measured quantity
of powder into a latex balloon for each test. The latex bal-
loons were then connected to a compressed air line and low-
ered into the chamber, and popped by a burst of compressed
air, dispersing the powder into the chamber. Tests were con-
ducted with empty balloons (i.e. no powder) to confirm that
the entrainment of dry air from the air used to burst the bal-
loon had minimal impact on the existing cloud. No change in
the DSD or droplet concentration as measured by the Welas
was observed after the bursting of empty balloons. Tests with
Arizona test dust were also conducted using the burst balloon
method.

3 Results

3.1 Milled NaCl

The results of injecting 1 g of NaCl powder into a steady-
state cloud in the chamber are shown in the top panel of
Fig. 1. Large droplets up to 60 um diameter are measured im-
mediately after injection; these droplets rapidly sediment out
of the chamber. At the same time, the baseline cloud droplet
concentration nearly vanishes, as is seen with the clear notch
in droplet DSDs. 5 min after injection, the large-droplet tail
in the distribution has disappeared due to gravitational set-
tling, and a mode has developed at around 4-5 um. 10 min
after injection, the cloud DSD has nearly regained the same
shape as the baseline cloud, only with a higher droplet con-
centration. The higher droplet concentration recorded after
the test is a result of continuous injection of the 130 nm NaCl
aerosol upon which the baseline cloud forms. During the dis-
sipation of the cloud after the milled salt injection, this reser-
voir of aerosol builds up, leading to the increased concentra-
tion as the cloud returns to baseline.

The data presented in Fig. 1 is taken using the Welas op-
tical particle counter. As noted in Sect. 2, we also used a
CDMS-2 particle counter, which was placed inside the cham-
ber. (The Welas samples through a tube projecting into the
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chamber.) Distributions from the CDMS-2 are shown in Ap-
pendix B. Data from the two instruments are consistent. Ap-
pendix B also shows a plot of the time series of total con-
centration (Fig. B2) and cloud droplet size distributions from
times before, during and after powder injection for the three
types of tests (Fig. B3).

Total liquid water content (LWC), shown in the top panel
of Fig. 2, is calculated from the volumes of droplets mea-
sured by the Welas, integrated over each distribution. Upon
injection of the milled salt, LWC spikes before dropping
to near zero. Closer inspection of the LWC contributed by
droplets in the 5-8 um size range in Fig. 2 (middle panel)
reveals dissipation of the baseline cloud, whereas the LWC
from larger droplets (bottom panel, 28—40um in Fig. 2),
shows a dramatic increase before slowly declining over sev-
eral minutes.

Note that the distributions are sampled from a point which
is relatively close to where the balloon burst releases the
powders. The data shown in Figs. 2 and 3 are the 1 Hz data
which exhibit significant variability as the dry powder mixes
into the existing cloud. There is undoubtedly spatial hetero-
geneity in the LWC as well as the temporal variability shown
in the figures. This is especially true as the LWC is dominated
by larger, more rare, droplets in the sample, so the signal is
inherently noisy. The absolute magnitude of the measured
LWC also has intrinsic uncertainty in the seconds after dis-
persal of the powder as the scattering signal may be from dry
or only partially deliquesced particles as the powder mixes
into the chamber.

3.2 NaClI-TiO2 core-shell nanomaterial

Results from the injection of 0.2g CSNT are shown in the
middle panel of Fig. 1 and in Fig. 3. The middle panel of
Fig. 1 is a time series of DSDs similar to the results for the
milled salt, described above. As with the NaCl, a spike of
large droplets can be seen immediately after the injection of
seeding powder. In this case, the baseline cloud droplet mode
is diminished, but does not disappear as dramatically as in the
NaCl case. 1 min after the injection of CSNT, the baseline
cloud droplet mode is significantly reduced, though some of
the smallest droplets and large haze persist. 5 min after in-
jection, the larger droplets have sedimented out and a mode
of 4-7 um diameter droplets has re-appeared. Finally, 10 min
after injection of CSNT seeding powder, the DSD has nearly
regained the same shape as the baseline cloud, albeit with a
higher total droplet concentration, as in the NaCl case.

Total LWC for the CSNT case is shown in the top panel
of Fig. 3. An increase is apparent immediately after injec-
tion of the powder, before decaying to baseline values after a
few minutes. Figure 3 also shows the LWC in the 5-8 um size
range (middle panel), which exhibits a drop followed by a re-
covery to above baseline levels, similar to the response seen
in the NaCl case. Finally LWC in the 28—40 um droplet size
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Figure 1. Results of injection of 1 g of milled NaCl (top panel), 0.2 g of the CSNT material (middle panel), and 1 g of Arizona test dust
(bottom panel) into a pre-existing cloud in the chamber. Clouds are in steady-state for more than 10 min before the test material is injected,
shown by the vertical red line. Distributions are plotted as log(dN /dlog(D)). The total number concentration and select droplet size distri-
butions from these tests are shown in Figs. B2 and B3. The corresponding distributions for the milled salt and the CSNT as measured by the

CDMS-2 are shown in Fig. B1.
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Figure 2. Time series of liquid water content with injection of 1 g milled NaCl (vertical red line). After a brief spike, the total LWC (top
panel) drops to well below baseline values before recovering in the next several minutes. In the first minute after injection, LWC from the
baseline cloud mode (5-8 um, middle panel) drops to near zero before recovering to above baseline values over the following few minutes.
LWC from large droplets (28—40 um, bottom panel) spikes, after which it diminishes to zero as the larger droplets settle out of the chamber.

range (bottom panel of the figure) shows an initial, signifi-
cant increase followed by a steady decay back toward zero.
The results in Figs. 2 and 3 imply that dispersal of the dry
material into the cloud will temporarily reduce the vapor con-
centration in the volume, as the salt deliquesces, potentially
evaporating the existing cloud. This is analogous to the well
known Wegener-Bergeron-Findeisen process, which can re-
sult in the growth of ice at the expense of liquid because of
the difference in the vapor pressures of the two phases at the
same temperature. In this case, the difference in vapor pres-
sure is not due to a difference in phase, but to a marked dif-
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ference in salinity. Evidence for this can be seen in the sonic
virtual temperature, 75, which can be expressed as

Ty=T(1+0.51qy) (1)

where gy is the vapor concentration and 7 is the ambient tem-
perature. When salt or CSNT is introduced into the chamber,
T; will increase due to the release of latent heat. Shortly af-
ter injections of 1 g NaCl (blue) and 0.2 g CSNT (orange),
shown in the top panel of Fig. 4, T; increases by approxi-
mately 2°. If we assume the change in 7 is due to the release
of latent heat during condensation, then
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Figure 3. Time series of LWC with injection of 0.2 g CSNT. Injection is shown by the vertical red line as in previous figures. After a brief
spike, the total LWC drops to well below baseline values before recovering in the next several minutes. LWC from the baseline cloud mode
(5-8 um, middle panel) drops to near zero before recovering to above baseline values over the following few minutes. LWC from large
droplets (28—40 um, bottom panel) spikes, after which it diminishes to zero as the droplets settle out of the chamber.
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Figure 4. Time series of the sonic virtual temperature (top), and the saturation ratio (bottom) for an injection of 1 g NaCl (blue) and 0.2 g of
CSNT (orange). The NaCl and CSNT were introduced into the chamber at + = 0, marked by the vertical red line. The periodicity apparent in
the time series is a result of the large scale circulation in the chamber (Anderson et al., 2021). All three time series indicate that the injected

salt absorbs water from the vapor phase.

@)

where C), is the heat capacity of air, and Ly is the latent heat
of vaporization of water. Because we have co-located mea-
surements of 7' and T, we can use Eqs. (1) and (2) to derive
the water vapor concentration and saturation ratio, S, pro-
vided we assume S 2 1 for the 5min before each injection.
The derived time series of S during balloon bursts of both
NaCl and CSNT is shown in the bottom panel of Fig. 4. In
both cases, after the powders were introduced into the cham-
ber, S decreases well below saturation before relaxing back

https://doi.org/10.5194/acp-26-10881-2026

to the steady state value. Notably, in both cases S reaches a
minimum of around 0.8, approaching the deliquescence rel-
ative humidity of NaCl (Greenspan, 1977). The vapor con-
centration and saturation ratio relax back to their previous
value, not a new equilibrium corresponding to the deliques-
cence saturation ratio, because the seeded droplets fall out of
the volume and the flux from the boundaries replenishes the
lost vapor.

Atmos. Chem. Phys., 26, 10881-10891, 2026
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3.3 Tests with a non-hygroscopic material

To verify that the dramatic effects from injecting the salt and
CSNT were due to to the hygroscopicity of the material, and
not merely the size, we also injected Arizona test dust, shown
in the bottom panel of Fig. 1. The time series shows that
after injection of 1 g of dust, rather than causing the base-
line cloud to dissipate, the baseline cloud mode is enhanced.
Some larger droplets are seen in the minutes after injection as
some of the larger dust particles are expected to activate in a
supersaturated environment. 1 min after injection, the overall
concentration has increased with no dissipation in the base-
line cloud. 5 min after injection, the distribution has shifted
slightly to larger sizes, due to activation of some dust parti-
cles, and 10 min after injection, the distribution maintains the
same shape with reduced concentration as the dust begins to
sediment out.

The bottom panel of Fig. 1 does indicate that the LWC of
the cloud increases after injection of dust. (LWC is not shown
as a separate figure for these tests.) The larger particles de-
tected (diameters greater than 30 um) are a combination of
the dry dust dispersed into the volume and droplets which
activated on the dust. Unlike tests with the salt and CSNT,
tests with the dust also show that the mode of smaller cloud
droplets (diameters of 5 to 8 um) is enhanced as droplets ac-
tivate on the smaller dust particles in the volume. Here, the
increase in LWC is a consequence of the increased concen-
tration resulting from two factors: condensation on the ad-
ditional seeding particles, and a shift of the droplet mode to
smaller sizes, thereby decreasing the average removal rate of
cloud droplets.

4 Discussion

The primary goal of hygroscopic cloud seeding for precipita-
tion enhancement is to broaden the droplet size distribution,
preferably in the large droplet tail, thus promoting collision-
coalescence. The results above indicate that injection of a
sufficient amount of hygroscopic seeding powder into a pre-
existing cloud does result in creation of large droplets, but
those droplets are not solely the redistribution of existing lig-
uid water onto fewer, larger droplets. The powder stimulates
an initial increase in the liquid water content by absorbing
water from the vapor phase as it deliquesces and grows. The
large droplets that are created fall out of the volume quickly.
This leads to the following questions.

— How much powder should be dispersed to produce this
effect?

— What size should the powder be?

Our discussion here is focused toward an understanding
of the processes in our experimental system, but the results
should be applicable to seeding clouds in the atmosphere
with a hygroscopic powder as well. We start with the rele-
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vant time scales for the problem. The first time scale to con-
sider is the time required for mixing the dry air containing
the powder with the cloudy air into which it is dispersed. As
noted in Sect. 2, we dispersed the powder using a balloon
burst, which mixed the powder and cloudy air quickly. Visu-
ally, the balloon inflated with approximately five liters of dry
air before bursting. Unless the individual grains of the pow-
der are excessively large, they will typically persist in the
volume in which they are dispersed long enough to mix with
the cloudy, humid air and deliquesce. The deliquescence time
scale is less than a millisecond (Bahadur and Russell, 2008),
and is not considered further here.

For seeding to be effective, the hydrated salt must be larger
than the droplets in the existing cloud, which ensures that
they will fall relative to the existing cloud and act as collec-
tors in collision-coalescence. However, the salt must persist
in the volume long enough to take up the available water.

Expressed in terms of time scales, this is

Tphase < Tfall,powder < Tfall,cloud 3)

Here, Tphase is the phase relaxation time for the dispersed
powder, which is a characteristic time for the vapor field
to relax to a new equilibrium when the dry powder is dis-
persed into it. Tfay, powder 1S the characteristic residence time
of the hydrated salt in the volume, and can be expressed as
Tfall, powder = Uﬂ‘ where H is a characteristic dimension of the
volume and v is the terminal fall speed. Tt cloud 1S the char-
acteristic residence time of the existing cloud droplets in the
volume.

The characteristic residence time for the powder in the vol-
ume is given by

18nH

O 4
p1gG* Dy} @

Tfall,powder =
where 7 is the viscosity of air, pj is the density of the lig-
uid, and g is the acceleration due to gravity. We assume that
the hydrated salt is still in the regime where the Stokes fall
speed is applicable. The factor G in the denominator is the
hygroscopic growth factor, which describes the increase in
size upon taking up water (Swietlicki et al., 2008). Dy is the
dry diameter of the salt, so that G Dy is the diameter of the
resulting solution droplet. Note that G is a function of the
saturation ratio; G for NaCl at deliquescence is 2.28 (Zieger
et al., 2017).

The residence time for the cloud droplets in the volume
is given by an expression identical to Eq. (4) with (G Dy)?
replaced by DCZ, the diameter of the cloud droplets in the
volume. Imposing the requirement that the hydrated powder
have a shorter residence time than the cloud leads immedi-
ately to the unsurprising conclusion that the hydrated powder
should be larger than the mean size of the cloud droplets in
the volume. This leads to the desired differential fall speed
and a higher likelihood of collision-coalescence. If NaCl is
dispersed into a cloud with a mean droplet diameter of 10 um,
the salt grains should have diameters greater than 4 um.

https://doi.org/10.5194/acp-26-10881-2026
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The lower size limit is set by the requirement that the hy-
drated powder fall relative to the cloud droplets. The upper
size limit can be derived by requiring that the dispersed pow-
der persist in the dispersal volume long enough to take up the
available water vapor.

Equating the time scale for the powder in the volume and
the powder’s phase relaxation time is

18nH 1
01gG2D2 271 D' NG D

&)

where D’ is a diffusion coefficient which incorporates the ef-
fects of the transport of heat and vapor and Ng is the number
concentration of the dispersed powder.

This equation can be solved for G Ds.

. 36rnH D' Ny
P18

G Dy (6)

However, N can be eliminated from Eq. (6) by imposing
the further requirement that enough powder be dispersed to
reduce the saturation ratio in the volume to the powder’s del-
iquescence point. The mass of vapor then converted to liquid
is

my = (1 —RHge1)gs, 1 @)

where RHge is the deliquescence relative humidity and g 7
is the saturation vapor density of the cloud. The correspond-
ing liquid water is

4 (GDs\*
My = =T p1Ng (®)

The difference in the density of water and the saturated solu-
tion is neglected in Eq. (8). We have also neglected the con-
tribution of the mass of the dry powder, and have assumed
that the saturation vapor density is much greater than the lig-
uid water content of the cloud, which is typically true.

Combining Egs. (6), (7), and (8) leads to an expression for
the critical hydrated diameter

216nHD'(1 — RHge))gs 7 \ *
GDS=< n ( del)%,T) ©)

s

Particles larger than this value will not persist in the disper-
sal volume long enough to come into equilibrium with the
vapor field. Using the saturation vapor density for 20 °C (the
temperature of the chamber in the tests shown above), and
the deliquescence of NaCl, G Ds ~ 80 um. For atmospheric
dispersal, temperatures are more likely to be in the range of
10 to 0 °C where the critical diameters of the hydrated pow-
der are reduced to approximately 70 and 60 pm respectively.
These results show that, for example, milled NaCl with a dry
diameter of 25 um will be an effective hygroscopic seeding
agent for dry powder dispersal.

https://doi.org/10.5194/acp-26-10881-2026
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5 Operational Implications and Conclusions

Experiments in the Pi Chamber demonstrate that direct, in-
situ seeding of both milled NaCl and NaCl-TiO, powders
can effectively stimulate growth of a large droplet tail and
an increase in the local liquid water content in warm clouds.
The observed vapor depletion effect aligns with simulations
and fog dispersal experiments by Khain et al. (2023), who
demonstrated that large salt solution droplets can locally
modify the vapor field. Our work extends these findings by
showing that dry powder dispersal produces similar effects,
complementing earlier investigations by Houghton and Rad-
ford (1938). However, care must be taken to prevent sintering
of the salt grains in the bulk material, as such caking can sig-
nificantly reduce effectiveness of the powder dispersal.

While these chamber experiments capture the microphys-
ical response under controlled conditions, they do not fully
represent atmospheric cloud dynamics at the spatial and tem-
poral scales of realistic precipitation development. Future
work should combine controlled laboratory studies with par-
cel and large-eddy simulations to map these observed micro-
physical responses onto realistic cloud lifecycles, quantify
the required seeding rates and injection heights, and assess
the domain of applicability across different cloud regimes.
Because of the limitations of the optical particle counters
used in this study, our reported liquid water contents are un-
certain, especially in the moments directly after injection of
the powders. For future investigations, adapting a hot-wire
probe for use in the chamber is a promising avenue for ver-
ifying LWC without the ambiguity introduced from optical
methods, since the hot-wire would not respond to a dry pow-
der. Overall, our findings suggest that hygroscopic seeding
with dry powders warrants reconsideration as an operational
precipitation enhancement strategy. The demonstrated mech-
anism of vapor depletion through rapid deliquescence offers
a pathway to accelerate droplet growth beyond classical con-
densational growth timescales, potentially triggering earlier
onset of warm rain processes. This has implications for both
operational weather modification programs and fundamental
understanding of how aerosol perturbations can alter warm
cloud microphysics and precipitation efficiency.

Appendix A: Milled salt and NaCI-TiO2 core-shell
material

As noted in Sects. 1 and 2, hygroscopic powders, by their
nature, are prone to absorbing moisture from the environ-
ment, causing the individual grains to sinter together. These
larger grains simply fall out of the atmosphere too quickly
to achieve the desired ends of sparking a runaway collision-
coalescence process in the cloud. In the Pi Chamber, such
caked or clumped material would fall out in less than a sec-
ond.

Upon receipt of the material from the UAE Rain Enhance-
ment Program, visual observation was enough to verify that

Atmos. Chem. Phys., 26, 10881-10891, 2026
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Figure A1. Pictures of samples of the jet-milled salt (left panel) and CSNT (right panel) provided by the UAE Rain Enhancement Program.
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Figure A2. Dry size distributions of NaCl and CSNT powder taken after injection by balloon burst into a dry Pi Chamber. Note the vertical
scales are different in the two panels. The sharp drop in concentration at the smallest diameters reflects the limits of measurement for the

Welas.

the milled salt had, indeed, caked. Figure Al shows the
milled salt (left) and CSNT (right) before further treatment
to break up the clumps of salt visible in the sample of the
salt. To address the issue in the salt, we baked it at 400 °C
for at least 8 h, agitating the container periodically to break
up the largest clumps. This procedure did improve disper-
sal. Nonetheless, we still saw that some large clumps of salt
immediately fell out when we dispersed it in the chamber.
We did not observe the clumping and caking issue with the
CSNT.

The dry size distributions of the NaCl and the CSNT ma-
terial are shown in Fig. A2. The powders were dispersed in
a dry chamber, with a temperature difference between the
plates to ensure convective mixing of the volume. Disper-

Atmos. Chem. Phys., 26, 10881-10891, 2026

sal was accomplished using a balloon burst. Sub-micrometer
particles dominate both distributions by number, but there are
significant numbers of particles in the 5 to 30 pm diameter
range as well.

Appendix B: Additional data

Droplet size distributions from the CDMS-2 are shown in
Fig. B1. As noted in the text, the CDMS-2 was in the cham-
ber during the tests. The data from the CDMS-2 and the We-
las optical particle counter are broadly consistent.

Figure B2 is a plot of the time series of total concentration
for the experiments discussed in the Results.

https://doi.org/10.5194/acp-26-10881-2026
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Figure B3 is a plot of select droplet size distributions from

Fig. 1.
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Figure B1. Time series of droplet size distributions measured by the CDMS-2 for the NaCl and CSNT injection cases. Plotted distributions
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Figure B2. Time series of total cloud droplet number concentrations for the NaCl, CSNT, and AZ dust injection cases, calculated by

integrating the DSDs in Fig. 1.
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Figure B3. Selected DSDs for the NaCl, CSNT, and Arizona test
dust cases taken from Fig. 1. DSDs are calculated as a 30 s average
at 1 min (Red), 5 min (Blue), and 10 min (Pink) after each injection.
The baseline DSD (Black) is averaged over the first 5 min of each
measurement before injection and includes £1 standard deviation
in each bin (dashed black).

Data availability. The data needed used in the analysis here is
available through https://digitalcommons.mtu.edu/all-datasets/67/
(Simmons, 2026).
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