
1. Introduction
Observations show that lightning flash rates and convective cloud top heights tend to be greater where aerosol 
concentrations are highest: flash rates are observed to be higher over marine shipping lanes (Thornton et al., 2017) 
and urban areas (Orville et al., 2001), and flash rates and the altitudes of high-reflectivity cloud are generally 
higher over land than the ocean (Zipser et al., 2006). Those relationships are not controversial, but it remains to 
be determined what causes them. A leading hypothesis, generally referred to as “aerosol invigoration,” posits that 
higher aerosol concentrations cause higher cloud updraft speeds. But deep-convective updraft speeds are chal-
lenging to measure and it is difficult to prove that correlations between updrafts and aerosols are causal (instead 
of both being driven by synoptic conditions). As a result, the evidence for aerosol invigoration is sparse and indi-
rect (Tao et al., 2012), and one of the most tantalizing pieces of evidence linking higher aerosol concentrations 
to lower cloud top temperatures (Li et al., 2011) was later shown to be statistically insignificant (Varble, 2018).

At least three different theories have been proposed for how high aerosol concentrations could increase cloud 
updraft speeds. One of those suggests that higher aerosol concentrations lead to greater lofting of liquid-water 
droplets to altitudes where they freeze, thereby releasing the latent heat of fusion, potentially increasing the 
updraft's buoyancy (Rosenfeld et al., 2008) if the lofted condensates can be unloaded fast enough (Grabowski 
& Morrison, 2016). Another theory suggests that higher aerosol concentrations lead to less precipitation and, 
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Plain Language Summary An actively debated hypothesis is that air pollution from human 
activities regularly makes storms around the world more intense, with intensity measured, for example, by the 
speed of storm updrafts. There are three main proposed mechanisms for how aerosols might invigorate storms, 
one of which is the so-called “warm-phase invigoration mechanism.” In this mechanism, extra particles of air 
pollution (aerosols) make storm updrafts more buoyant and, therefore, faster, with “warm-phase” referring to 
the lower altitudes where clouds are composed of liquid water (as opposed to ice). But this mechanism requires 
the water vapor in cloud updrafts to be far out of equilibrium, as measured by the supersaturation (the amount 
by which the relative humidity exceeds 100%). We show that observed supersaturations in storm clouds over 
the Amazon are much too low for this mechanism to operate. In other words, the warm-phase mechanism is 
unlikely to have any practically significant effect on storm intensity.
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therefore, more detrainment moistening of the environment, which then, 
via convective entrainment, increases the buoyancy of subsequent updrafts 
(Abbott & Cronin,  2021). A third theory—and the focus of this study—
is  the so-called “warm-phase invigoration mechanism,” which says that 
higher aerosol concentrations allow cloud updrafts to more readily condense 
water vapor onto liquid drops, thereby releasing latent heat sooner, enhanc-
ing the updrafts' buoyancy and vertical velocity (Fan et al., 2018; Saleeby 
et al., 2015; Sheffield et al., 2015).

Convective velocities are nearly invariant with respect to changes in atmos-
pheric aerosols that are held constant in space and time because a moist 
convecting atmosphere adopts a state of marginal stability (i.e., nearly identi-
cal profiles of convective and environmental density) independent of micro-
physical details (Emanuel, 1994; Singh & O’Gorman, 2013). Accordingly, 
a large, sustained change to the aerosol number concentration induces only 
a negligible change to vertical velocities in radiative-convective equilibrium 
(Abbott & Cronin, 2021; van den Heever et al., 2011). Therefore, warm-phase 
invigoration is possible only if some updrafts are affected more than others. 
For example, if there were rare updrafts with especially high supersatura-
tion, a uniform increase in pollution could warm those rare updrafts more 
than others, but this does not occur to any substantial degree in simulations 
(Abbott & Cronin, 2021; van den Heever et al., 2011). A more likely scenario 
is one in which an isolated plume of pollution warms the updrafts within it, 
thereby invigorating them. This scenario requires that typical updrafts have 
substantial supersaturation, and so we seek evidence of that in this study.

Let us denote typical and atypically polluted clouds by subscripts t and p, 
respectively. Here and throughout, “polluted” means polluted relative to the 
typical cloud updrafts, not polluted with respect to some absolute measure. 
Consider some height, which has a typical updraft vertical velocity wt and 

typical updraft supersaturation St (equal to the relative humidity minus one). Due to its relatively high aerosol 
concentration, a polluted updraft will have, all else equal, a higher droplet number concentration and, therefore, Sp 
will be lower than St at that height. To give an upper bound on the invigoration, we can assume that Sp is so much 
smaller than St that it can be approximated as zero. We will henceforth refer to the difference wp − wt obtained 
with Sp = 0 as the “potential invigoration.”

All else equal (i.e., updrafts with the same size, cloud-base enthalpy, and fractional entrainment rate), the higher 
aerosol concentration in a polluted updraft does not affect its enthalpy, but it does cause relatively more of the 
enthalpy to take the form of sensible heat, thereby increasing the updraft's buoyancy. Assuming Sp = 0, the verti-
cal velocity in a polluted updraft wp is related to wt and St by

𝑤𝑤𝑝𝑝 =

√

𝑤𝑤2

𝑡𝑡
+

𝑎𝑎𝑎𝑎

𝑐𝑐𝑑𝑑
𝑆𝑆𝑡𝑡, (1)

where r is the radius of the convective updraft, cd is the drag coefficient for a cloudy updraft, and a takes a 
value around 1  m  s −2 in the lower tropical troposphere (see Appendix  A for a derivation). Numerical simu-
lations (Hernandez-Deckers & Sherwood,  2016; Romps & Charn,  2015) and stereophotogrammetry (Romps 
& Öktem, 2015) indicate that a typical cd is in the range of 0.2–1 and typical updraft radius is in the range of 
200–1,000 m. Therefore, we will henceforth use a/rcd = 1,000 m 2 s −2 in calculations of wp.

Figure 1 plots wp versus wt for three different values of St: 10%, 1%, and 0.1%. We see that a typical in-cloud 
supersaturation of 10% allows for substantial potential invigoration. Later, we will see from observational data 
that updrafts have a typical lower-tropospheric updraft speed of 3 m s −1, so we will focus on wt = 3 m s −1 in 
our discussion here. We see from Figure 1 that, if typical updrafts have a supersaturation of 10% and a vertical 
velocity of 3 m s −1, then the rare updraft that has an aerosol concentration much higher than typical could have a 
vertical velocity as high as 7.7 m s −1. On the other hand, if the typical updrafts have a supersaturation of about 1%, 
then the potential invigoration of polluted updrafts is much more muted: a typical speed of 3 m s −1 could increase 

Figure 1. The velocity wp of polluted updrafts from Equation 1 using a/
rcd = 1,000 m 2 s −2 plotted as a function of the velocity wt of typical updrafts 
for three different values of the typical supersaturation St: 0.1%, 1%, and 10%. 
For visual reference, the dashed line marks wp = wt.
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to no more than 3.7 m s −1 in a polluted updraft. Finally, if the typical supersaturation is 0.1%, then the potential 
invigoration is negligible: a typical speed of 3 m s −1 would increase to more than 3.09 m s −1 in a polluted updraft. 
Therefore, a supersaturation of 1% serves as a dividing line between large potential invigoration (for St ≫ 1%) and 
negligible potential invigoration (for St ≪ 1%). This is consistent with previous work showing that St − Sp = 20% 
would give polluted updrafts a large virtual-temperature boost of ∼1 K (Igel & van den Heever, 2021) while 
St − Sp = 1% would give polluted updrafts small, but possibly detectable, increases of ∼0.1 K in virtual tempera-
ture (Grabowski & Jarecka, 2015) and ∼0.5 m s −1 in updraft speed (Grabowski & Morrison, 2020). The question, 
then, is whether the typical supersaturation in warm-phase convecting clouds is closer to 10% or 0.1%.

The strongest evidence offered in favor of high supersaturation comes from a pair (labeled C_PI and C_BG) of 
cloud-resolving simulations (Fan et al., 2018) of convection over the Amazon during the Observations and Mode-
ling of the Green Ocean Amazon (GoAmazon 2014/5) campaign (Martin et al., 2016), where the low aerosol 
concentrations favor higher supersaturation. In both a simulation with an aerosol number concentration represent-
ative of preindustrial conditions (130 cm −3; C_PI) and a simulation with polluted conditions (950 cm −3; C_BG), 
the mean profiles of warm-updraft supersaturation increased with height in the lower troposphere to well over 1%, 
reaching 15% and 6%, respectively (Fan et al., 2018).

Unfortunately, these high supersaturations cannot be confirmed with direct in situ measurements because the 
required accuracies for temperature and humidity are not achievable with current technology. The alternative is 
to calculate a proxy for supersaturation S—the quasi-steady-state supersaturation SQSS—that can be calculated 
from measurements of the vertical velocity and drop size distribution (Squires, 1952) (see Text S5 in Supporting 
Information S1). Although this is the most reliable way to infer the supersaturation from observations, it has been 
used on only a handful of occasions (Politovich & Cooper, 1988; Prabha et al., 2011; Warner, 1968). Two of those 
studies (Politovich & Cooper, 1988; Warner, 1968) calculated supersaturations around 0.1%–0.2% while the other 
(Prabha et al., 2011) found supersaturations mainly below 1%, but with some values as high as ∼10%.

Below, we will (a) confirm, using cloud-resolving simulations, that SQSS closely replicates the actual S, and 
(b) use SQSS to estimate S from in situ observations of updrafts during the contemporaneous GoAmazon and 
ACRIDION-CHUVA campaigns (Martin et  al., 2016; Wendisch et  al., 2016), chosen because these observa-
tions allow for a direct comparison with the polluted C_BG simulation that report high supersaturation (Fan 
et al., 2018). The observational results will also allow us to calculate the supersaturation to be expected in prein-
dustrial conditions for comparison with C_PI.

2. Methods
A cloud's quasi-steady-state supersaturation SQSS is defined to be the supersaturation S that would ensure a 
steady-state diffusion of water vapor onto the observed cloud drops given the observed vertical velocity. To the 
best of our knowledge, SQSS has never been validated against the actual S in a cloud-resolving simulation with 
spectral-bin microphysics. To this end, we focus on a pair of simulations (C_PI and C_BG) designed and run 
by Fan et al. (2018) to represent meteorological conditions during the GoAmazon campaign on 17 March 2014 
minus the plume of pollution from the nearby city of Manaus (see Text S1 in Supporting Information S1). In 
these simulations, we calculate SQSS and the actual S within warm cloudy updrafts (WCU; defined as locations 
or grid cells with temperature >273 K, mass fraction >10 −4 of droplets smaller than 100 micron in diameter, and 
vertical velocity >1 m s −1). Defined in this way, WCU are responsible for the majority of latent heating in both 
simulations, so they are the “typical” convective elements responsible for setting the atmosphere's lapse rate. 
Since the observational data we will use comes from an aircraft that flew through the tops of convective clouds, 
we define warm cloudy updraft tops (WCUT) as the subset of WCU that are within a kilometer of the cloud top 
(with the “cloud top” for each column defined as the upper boundary of the highest grid cell with mass fraction 
of cloud liquid plus ice exceeding 10 −4). In the simulation results shown here, we sample the simulations from 0 
to 1,000 m below cloud top, but the conclusions we reach are insensitive to that chosen altitude range (see Text S1 
in Supporting Information S1 and associated figures). As we can see in Figure S1 of Supporting Information S1, 
WCUT grid points have a mean profile of supersaturation that grows with height to 6%–9% in the lower tropo-
sphere, qualitatively consistent with previous work (Fan et al., 2018).

Figure  2 shows the normalized distribution of WCUT volume from the WRF simulations on axes of log(S) 
(the abscissa) and log(SQSS) (the ordinate); the distribution is normalized to give an integral of one over log(S) 
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and log(SQSS). We see from Figure 2 that SQSS is strongly correlated with S: 
the square of the Pearson correlation coefficient for log(SQSS) and log(S) is 
r 2 = 0.92. Note that the distribution is tightly clustered around the one-to-one 
line (Grabowski & Morrison, 2017). In fact, log(SQSS) by itself (i.e., without 
any further linear transformation) is a good model for log(S), explaining 90% 
of its variance (coefficient of determination R 2 = 0.90). Note from Figure 2 
that SQSS is biased slightly high relative to S. The bias is a relative amount of 
20% in the geometric mean (i.e., S = 1.0% manifests as SQSS ≈ 1.2%). This 
bias could be largely eliminated by incorporating ventilation factors for the 
hydrometeors in the calculation of SQSS, but those expressions are uncertain. 
Therefore, we omit those ventilation factors and use the resulting SQSS, with 
its slight high bias, as a direct proxy for S. Since we will be arguing that S is 
small in observations, this is a conservative choice.

To measure the supersaturation using the quasi-steady-state approxima-
tion in observed WCUT during the GoAmazon campaign, we use data 
collected during September 2014 aboard the High Altitude and Long Range 
Research Aircraft (HALO; see Text S2 in Supporting Information S1), which 
was flown through cloudy updrafts throughout the Amazon as part of the 
ACRIDICON-CHUVA campaign (Wendisch et al., 2016) in conjunction with 
GoAmazon. HALO flew through the tops of developing convective clouds at 
various heights and times (see Figure S2 in Supporting Information S1) and 
at locations that were outside of and far from the plume of pollution gener-
ated by the city of Manaus (see Figure S3 in Supporting Information S1).

As mentioned, the preindustrial (C_PI) and polluted (C_BG) simulations that 
reported high supersaturation (Fan et al., 2018) had aerosol number concen-

trations of ∼100 cm −3 and ∼1,000 cm −3, respectively. The mean aerosol number concentration measured aboard 
HALO by the condensation particle counter (CPC; see Text S2 in Supporting Information S1) in clear air during 
the September flights below an altitude of 5 km above sea level and at least 100 km away from the Manaus airport 
was 1,400 cm −3. On the three of those flight days identified as sampling “clean” air (September 11, 28, and 30) 
(Wendisch et al., 2016), this mean was 1,000 cm −3, and all sampled WCUT were between 450 and 1,300 km 
away from Manaus. Likewise, the mean aerosol number concentration measured by a CPC in the boundary layer 
upwind of Manaus (see Text S3 in Supporting Information S1) during the September flights was 1,200 cm −3 
overall and 1,100  cm −3 on the three “clean” days. Therefore, we can make an apples-to-apples comparison 
between data collected aboard HALO and the C_BG simulation, as both had an aerosol number concentration of 
∼1,000 cm −3. As discussed in Section 4, we can calculate how a preindustrial concentration of 100 cm −3 would 
have affected the supersaturation in the observed clouds, allowing us to compare to the supersaturation modeled 
in the C_PI simulation.

During the flights, the vertical wind speed was obtained from the Basic HALO Measurement and Sensor System 
(BAHAMAS). Two instruments were used to measure the distribution of cloud droplets: the Cloud and Aerosol 
Spectrometer (CAS; diameters of 0.89–50 micron) and the Cloud Droplet Probe (CDP; diameters of 2.5–46 
micron) (Braga et al., 2017a, 2017b; Klingebiel et al., 2015; Molleker et al., 2014). Larger hydrometeors were 
measured with the Cloud Imaging Probe (CIP; diameters of 25–1,000 micron). Each instrument reported meas-
urements at 1 Hz and the airplane flew through WCUT at a true airspeed ranging from 108 to 138 m s −1, which 
makes each measurement a sample over ∼100 m. This spatial resolution is considerably finer than the 500-m grid 
spacing of the cloud-resolving simulations that report high supersaturation (Fan et al., 2018); all else equal, this 
should make fluctuations to high supersaturation even more frequently detected in the observations.

3. Results
Using CIP + CAS (CIP + CDP) aboard the HALO aircraft, and eliminating cases with incomplete data, there 
are 433 (461) observations of WCUT. Figure S4 in Supporting Information S1 shows the mean drop distribu-
tion in WCUT using CIP + CAS and CIP + CDP. The supersaturation is calculated using the quasi-steady-state 
approximation (see Text S5 in Supporting Information S1). The resulting 433 (461) supersaturation values are 

Figure 2. Normalized distribution of warm-cloudy-updraft-top volume within 
the cloud-resolving WRF simulations of GoAmazon convection. For visual 
reference, the dashed curve marks a one-to-one line. The logarithm of the 
quasi-steady-state supersaturation log(SQSS) is strongly correlated with the 
logarithm of the actual supersaturation log(S) (r 2 = 0.92) and, as a model for 
log(S), log(SQSS) explains 90% of the variance (R 2 = 0.90).
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grouped into 10 nearly equal-sized groups of 43 or 44 (46 or 47) values each, sorted by height. The means and 
interquartile ranges of each group are plotted at the group's mean height in blue and red in the left panel of 
Figure 3. These observed values of supersaturation differ markedly from the simulated values in two respects. 
First, the two sets of instruments (CIP + CAS and CIP + CDP) agree that the observed supersaturation in warm 
cloud updrafts averages about 0.2%, which is more than an order of magnitude smaller than in the simulations. 
Second, the observed profile of WCUT supersaturation decreases with height, contrary to the simulated increase 
with height. Plugging the observed mean profiles of supersaturation into Equation 1 for wt = 3 m s −1, we find that 
the potential invigoration, which is plotted in blue and red in the right panel of Figure 3, is only ∼10–20 cm s −1, 
which is negligible for all practical purposes. If this analysis is repeated for the 127 (144) supersaturation values 
measured on the three days (September 11, 28, and 30) when the sampled air was considered “clean” or “marine” 
(Wendisch et al., 2016), we get the results shown in light blue and pink in Figure 3, which tell the same story.

4. Discussion
The mean supersaturation of ∼0.2% found here for warm-phase convective clouds over the Amazon is similar 
to the findings of ∼0.1% supersaturation in cumuli over Australia (Warner, 1968) and ∼0.2% supersaturation 
in cumuli over Montana (Politovich & Cooper, 1988). On the other hand, in situ measurements of warm-phase 
supersaturation as high as ∼10% were reported from the CAIPEEX campaign over central India (Prabha 
et al., 2011), during which boundary-layer aerosol concentrations were ≳1,000 cm −3. To understand the apparent 
discrepancy, we repeated the original analysis of those CAIPEEX data for all times when the airplane was in an 
updraft (w > 1 m s −1; see Text S4 in Supporting Information S1). While this generates a handful of supersatura-
tion values exceeding 5%, the mean is only 0.8%. Further restricting to warm cloudy updrafts, which requires that 
the updrafts be in warm-phase cloud with a cloud-liquid mass fraction exceeding 10 −4, the mean supersaturation 
becomes 0.3%, which is in line with the results found here (see Figures S5 and S6 in Supporting Information S1).

Although observations are broadly consistent in reporting mean supersaturations much less than 1%, the 
cloud-resolving simulation C_BG reported mean supersaturations much greater than 1%. In the quasi-steady-
state approximation, which Figure 2 confirmed to be reasonable, the supersaturation is proportional to the vertical 
velocity divided by the “diameter concentration,” that is, the sum of drop diameters per volume (see Text S5 in 

Figure 3. (left) The mean and interquartile range of supersaturation in each of 10 groups of measurements sorted by height above sea level for the (blue) CIP + CAS 
and (red) CIP + CDP pairings of instruments for all nine flight days in September. (right) Potential invigoration calculated using the mean values of supersaturation 
from those 10 groups and Equation 1 with wt = 3 m s −1 and ar/cd = 1,000 m 2 s −2. (light blue and pink) Same, but for the three flight days deemed to be of air that was 
clean or marine.
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Supporting Information S1). Therefore, the observations and simulations must differ in one or both of the vertical 
velocity and diameter concentration. There is, however, no substantial difference in vertical velocity w. The left 
panel of Figure 4 plots the distributions of observed (HALO) and simulated (C_BG) WCUT vertical velocities. 
To ensure that we are comparing w values at the same heights, normalized distributions of WRF WCUT w are 
made at each height and then averaged together weighted by the number of HALO WCUT samples at those 
heights. The observed and simulated distributions have nearly identical means equal to 2.2 m s −1.

Since the vertical velocities are the same, the simulation must have a very different diameter concentration. 
Indeed, this is corroborated by the right panel of Figure 4, which plots the contribution to the diameter concentra-
tion from drops of different diameters; here N(D) is the number concentration of drops with diameters smaller than 
D. Again, to ensure an apples-to-apples comparison, WRF distributions at different heights are averaged  together 
weighted by the number of HALO WCUT samples at those heights. We see that the simulation generates a diam-
eter concentration (area under the curve) that is too small, caused by having drops that are too large and too few.

Both the C_BG simulation and the HALO observations had aerosol number concentrations around 1,000 cm −3. 
To estimate the supersaturation to be expected in preindustrial conditions, that is, with aerosol concentrations 
of ∼100  cm −3 (Andreae,  2007), we will use two simplifying assumptions. The first assumption is that the 
cloud-droplet number concentration is proportional to the aerosol number concentration N; this ignores the nega-
tive feedback that supersaturation has on cloud-droplet number concentrations (a lower number concentration 
yields higher supersaturation, which activates additional cloud droplets, raising the number concentration). The 
second assumption is that the liquid-water mass fraction of the cloud is unaffected by N; this ignores the posi-
tive feedback that microphysics has on cloud-droplet number concentrations (a lower number concentration can 
increase collision, coalescence, and rainout, further reducing the number concentration). Any errors introduced 
by these assumptions tend to oppose one another. In combination, these two assumptions allow us to identify 
ND 3 as independent of N, where D is the characteristic droplet diameter, giving us D ∝ N −1/3. The quasi-steady-
state supersaturation is proportional to the inverse of cloud-droplet number concentration times the mean droplet 
diameter (see Text S5 in Supporting Information S1), so the two simplifying assumptions give

𝑆𝑆 ∝
1

𝑁𝑁𝑁𝑁
∝ 𝑁𝑁−2∕3. (2)

Figure 4. (left) Probability distributions of warm-cloudy-updraft-top (WCUT) vertical velocities from the C_BG WRF simulation and observations aboard HALO; the 
observed velocities are virtually identical to those in the simulations. (right) Mean normalized distribution of the sum of droplet diameter per volume, DdN/d log10(D); 
simulated droplet spectra have larger droplets than observed, leading to a smaller sum of diameters (the area under the curve) and, therefore, higher supersaturation. 
In both panels, the HALO curves are of 1-Hz samples of WCUT and the WRF curves are the distributions of WCUT grid cells at each height that are then averaged 
together with weights equal to the number of 1-Hz HALO samples at those heights.
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In an atmosphere with N ≈ 1,000 cm −3, we have seen from observations that S ≈ 0.2%. Using Equation 2, we 
can estimate, therefore, that S for a preindustrial N of ∼100 cm −3 would be (100/1,000) −2/3 × 0.2% ≈ 1%. This is 
at, but not exceeding, the threshold for practical relevance of warm-phase invigoration. This contrasts with the 
warm-phase supersaturation generated in the C_PI simulation, which had values of ∼15%, well in excess of the 
1% threshold. Pushing Equation 2 even further, a warm-phase supersaturation of 10% would require N = (1,00
0 cm −3) × (0.2/10) 3/2 = 3 cm −3, which is at least an order of magnitude lower than typically observed over the 
remote oceans (Andreae, 2007). The absence of any potential warm-phase invigoration in polluted air (S ≈ 0.2% 
for N ≈ 1,000 cm −3) and the inference of no substantial potential for warm-phase invigoration in preindustrial air 
(S ≈ 1% for N ≈ 100 cm −3) suggest that warm-phase aerosol invigoration may be of no practical significance in 
Earth's atmosphere.

Throughout, we have assumed that atypically polluted updrafts have zero supersaturation, that is, Sp  =  0. A 
more realistic assumption would be that supersaturation is reduced, but not zeroed, in polluted updrafts. For 
example, by Equation 2, a doubling of aerosol concentration would reduce the supersaturation by only 37%, 
yielding an invigoration well below the potential invigoration plotted in Figure 1. On the other hand, updrafts 
with ar/cd > 1,000 m 2  s −2 will have a potential invigoration (even if not actual invigoration) larger than that 
plotted in Figure 1. And, although there is no evidence from simulations or observations that small pockets of 
high-supersaturation updrafts exist among updrafts that are otherwise low-supersaturation, their existence some-
where on Earth cannot be ruled out at this time.

Appendix A: Deriving wp

The moist static energy h(z) of an updraft is governed by dh/dz = ɛ(he − h), where ɛ is the fractional entrainment 
rate and he(z) is the moist static energy of environmental air. This implies that two updrafts with different aerosol 
concentrations (typical and polluted), but otherwise identical ɛ and initial h, will have the same enthalpy at a 
given height:

𝑐𝑐𝑝𝑝𝑇𝑇𝑡𝑡 + 𝐿𝐿(1 + 𝑆𝑆𝑡𝑡)𝑞𝑞
∗
𝑣𝑣 (𝑇𝑇𝑡𝑡) = 𝑐𝑐𝑝𝑝𝑇𝑇𝑝𝑝 + 𝐿𝐿(1 + 𝑆𝑆𝑝𝑝)𝑞𝑞

∗
𝑣𝑣 (𝑇𝑇𝑝𝑝). (A1)

Here, Tt and Tp are the temperatures of the typical and polluted updrafts, St and Sp are the supersaturations of the typi-
cal and polluted updrafts, cp = 1,005 J kg −1 is the heat capacity of air at constant pressure, L = 2.501 × 10 6 J kg −1 
is the latent enthalpy of evaporation, and 𝐴𝐴 𝐴𝐴∗𝑣𝑣  is the saturation vapor mass fraction at the given pressure level. 
Using Sp = 0 to get the potential invigoration and using the Clausius-Clapeyron relation to approximate 𝐴𝐴 𝐴𝐴∗𝑣𝑣 (𝑇𝑇𝑝𝑝) as

𝑞𝑞∗𝑣𝑣 (𝑇𝑇𝑝𝑝) ≈ 𝑞𝑞∗𝑣𝑣 (𝑇𝑇𝑡𝑡) +
𝐿𝐿𝑞𝑞∗𝑣𝑣 (𝑇𝑇𝑡𝑡)

𝑅𝑅𝑣𝑣𝑇𝑇 2
(𝑇𝑇𝑝𝑝 − 𝑇𝑇𝑡𝑡), (A2)

where Rv = 460.52 J kg −1 K −1 is the specific gas constant of water vapor, we can rearrange Equation A1 as

Δ𝑇𝑇 =
𝐿𝐿𝐿𝐿∗𝑣𝑣

𝑐𝑐𝑝𝑝 + 𝐿𝐿2𝐿𝐿∗𝑣𝑣∕𝑅𝑅𝑣𝑣𝑇𝑇 2
𝑆𝑆𝑡𝑡, (A3)

where ΔT ≡ Tp − Tt is the difference in temperature between the polluted and typical plumes, and we have approx-
imated 𝐴𝐴 𝐴𝐴∗𝑣𝑣 (𝑇𝑇𝑡𝑡) and Tt by the environmental values on the right-hand side. Writing the difference in buoyancy as 
Δb = gΔT/T, where g = 9.81 m s −2 is the gravitational acceleration, we get

Δ𝑏𝑏 =
𝑔𝑔𝑔𝑔𝑔𝑔∗𝑣𝑣

𝑐𝑐𝑝𝑝𝑇𝑇 + 𝑔𝑔2𝑔𝑔∗𝑣𝑣∕𝑅𝑅𝑣𝑣𝑇𝑇
𝑆𝑆𝑡𝑡. (A4)

We can relate this to vertical velocity by noting that the momentum budget of updrafts can be approximated as 
a force balance between buoyancy and drag (Hernandez-Deckers & Sherwood, 2016; Romps & Charn, 2015),

𝑏𝑏 =
3𝑐𝑐𝑑𝑑

8𝑟𝑟
𝑤𝑤2, (A5)

where r is the updraft's radius and cd is an effective drag coefficient. This equation holds separately for the typical 
updrafts (with bt and wt) and for the polluted updrafts (with bp and wp); subtracting one of those equations from 
the other and solving for wp yields
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𝑤𝑤𝑝𝑝 =

√

𝑤𝑤2
𝑡𝑡
+

8𝑟𝑟

3𝑐𝑐𝑑𝑑
Δ𝑏𝑏𝑏 (A6)

Eliminating Δb using Equation A4, this gives

𝑤𝑤𝑝𝑝 =

√

𝑤𝑤2

𝑡𝑡
+

𝑎𝑎𝑎𝑎

𝑐𝑐𝑑𝑑
𝑆𝑆𝑡𝑡, (A7)

where

𝑎𝑎 ≡

8𝑔𝑔

3

𝐿𝐿𝐿𝐿∗𝑣𝑣

𝑐𝑐𝑝𝑝𝑇𝑇 + 𝐿𝐿2𝐿𝐿∗𝑣𝑣∕𝑅𝑅𝑣𝑣𝑇𝑇
. (A8)

The value of a varies from about 1.1 m s −2 in tropical surface air to about 0.8 m s −2 at the tropical melting line.

Data Availability Statement
The cloud-resolving model data are available at https://data.pnnl.gov/group/nodes/dataset/13425. The 
boundary-layer aerosol number concentrations upwind of Manaus are available at http://ftp.lfa.if.usp.br/ftp/public/
LFA_Processed_Data/T0a_ATTO/Level1. The data collected aboard HALO during ACRIDICON-CHUVA are 
available at https://halo-db.pa.op.dlr.de/mission/5.
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