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Abstract Are convective clouds strengthened by the addition of aerosol particles? We present new
theoretical calculations which starkly contrast previous results. Prior foundational work suggested that
aerosols strongly invigorate convective cloud updrafts via changes to cold-phase processes. We show that
the peak magnitude of invigoration by this mechanism is substantially reduced for cold-based storms.
For warm-based storms, the updrafts are weakened, not strengthened, by aerosol-induced changes to
cold-phase processes. Our calculations show that if invigoration occurs, it is driven primarily by changes
to warm-phase processes and may be largest well before the storm reaches maturity. The calculations are
based on a new formulation of the moist adiabatic lapse rate that accounts for freezing, supersaturation,
and condensate loading. The results significantly reshape our understanding of the impact of aerosols on
convective updrafts.
Plain Language Summary

Storms which ingest additional aerosol particles are thought
to develop stronger updrafts due to changes in the rates of condensation and freezing of water. We use
theoretical calculations to understand the mechanisms that drive this response. Unlike previous studies,
we find that aerosol-induced changes to freezing result in weaker storms if the storms have relatively
warm cloud bases. Consistent with previous studies, changes to condensation result in stronger storms,
but we are the first to theoretically quantify the magnitude of this mechanism. These results suggest that
developing storms in polluted environments may often be strongest compared to their clean counterparts
well below storm top.

1. Introduction
Tropical and mid-latitude convective storms contribute significantly to global precipitation, are crucial for
deep vertical mixing of atmospheric constituents, modulate atmospheric radiation, and are projected to
change in terms of frequency and intensity with changing climates. The potential for aerosol particles to
impact the properties of deep convective clouds has been widely debated. Much of this discussion has fallen
under the term “invigoration” though its precise definition is often ambiguous (Andreae et al., 2004; Fan
et al., 2013; Hu et al., 2019; Khain et al., 2005; Koren et al., 2005, 2014; Li et al., 2011; Rosenfeld et al., 2008;
Stolz et al., 2015; Storer & van den Heever, 2013; Storer et al., 2014; Tao et al., 2012; Thornton et al., 2017; van
den Heever et al., 2006). Here we use the term “invigorated” to mean strictly that a storm has the potential
for higher updraft speeds.
A number of theories have been postulated about how an increase in the number concentration of aerosols
serving as cloud condensation nuclei (CCN) could lead to invigorated storms. These theories concern both
the instantaneous invigoration of convection and invigoration through feedbacks on short storm (e.g., Grant
& van den Heever, 2015; Lerach et al., 2008; Morrison, 2012; Storer et al., 2010) and longer regional and
climate time scales (Abbott & Cronin, 2021; Chua & Ming, 2020; van den Heever et al., 2011). The focus of
this study is on the instantaneous invigoration that may occur during the developing phase of the storm.
The instantaneous invigoration theories largely fall into two categories: cold-phase and warm-phase.
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Cold-phase aerosol invigoration was most prominently hypothesized by Rosenfeld et al. (2008), hereafter
R08. They considered a perfectly clean storm as one in which condensate is produced and instantaneously
removed from the storm as precipitation. In contrast, a polluted storm is one that lofts the condensed water
until it is frozen and removed from the storm. The additional latent heat release upon freezing and the
subsequent immediate unloading of the condensate serve to increase the buoyancy above that of the clean
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storm. The polluted storm is therefore invigorated (has stronger updrafts) relative to the clean storm. Many
studies report evidence of increased freezing in deep convective storms to support this hypothesis (Altaratz
et al., 2014; Andreae et al., 2004; Fan et al., 2013; Khain et al., 2005; Storer & van den Heever, 2013; van den
Heever et al., 2006).
Warm-phase aerosol invigoration refers to the idea that higher aerosol loadings and hence higher cloud
droplet concentrations will result in faster condensation rates and a lower supersaturation in the storm core
(Fan et al., 2007, 2018; Grabowski & Jarecka, 2015; Grabowski & Morrison, 2016; Kogan & Martin, 1994;
Koren et al., 2014; Pinsky et al., 2013; Saleeby et al., 2015; Seiki & Nakajima, 2014; Sheffield et al., 2015).
The additional latent heat release from condensation drives the enhanced buoyancy and updraft speeds.
The enhanced condensation may come immediately above cloud base (Pinsky et al., 2013) or may not be
important until the secondary activation of ultrafine aerosol particles above cloud base (Fan et al., 2018).
Aerosol-induced invigoration, particularly cold-phase aerosol invigoration, has been severely criticized.
Some have argued that the magnitudes of invigoration theoretically estimated by R08 are much too large and
that aerosol-induced invigoration is not distinguishable from natural co-variability in environmental conditions (Grabowski, 2018; Lebo, 2018). Such an argument is supported by some simulations (Grabowski, 2015;
Lebo & Seinfeld, 2011). A recent model intercomparison study demonstrated consistent increases in updraft
speeds in response to increased aerosol loading within the warm-phase but mixed updraft responses in the
cold-phase regions (Marinescu et al., 2021). Here we present new theoretical calculations based on first
principles to quantify invigoration due to warm- and cold-phase processes. The results starkly contrast with
our previous theoretical understanding of this process and provide new insight into the mechanisms and
magnitude of aerosol-induced invigoration.

2. Methods
We use convective available potential energy (CAPE) to quantify the potential strength of a storm. Traditional formulations for CAPE neglect ice processes and condensate loading, and assume that supersaturation
is removed instantaneously. To relax these assumptions in order to better represent reality, we first derived
an expression for the moist adiabatic lapse rate that allows for freezing, condensate loading, and specified
supersaturation in order to assess the impacts of these processes on CAPE. We follow the derivation of Früh
and Wirth (2007), but rather than using their “mixed phase saturation vapor pressure” we specify the vapor
pressure p1 as the product of the saturation ratio S and the saturation vapor pressure with respect to liquid
water p21. The final form of the lapse rate is
TR0 LF1r1 
p dS 

1 

p0
p0 
S dp 
dT

(1)
dp
d
p d ln p21
 LF1r1
c p  L32rF
dT
p0 dT

where T is temperature, p is pressure, R is the gas constant, and r is mixing ratio. Subscript 0 refers to dry
air, 1 to the vapor phase, and F to total condensate.  is the liquid fraction, L21 (L32) is the specific heat of
vaporization (freezing) and LF1 linearly weights the latent heats of vaporization and sublimation according
to the liquid fraction. Finally, cp accounts for the specific heat of the dry air, water vapor, and condensate in
the parcel. A full derivation of this equation is given in the supporting information.
Equation 1 is numerically integrated to solve for temperature, water vapor, and liquid and ice mixing ratio
as a function of pressure assuming a cloud base pressure of 960 hPa and a cloud top pressure of 200 hPa.
These quantities are used to calculate density temperature defined as

R 
T  1  1 r1 
R0 
(2)
T  
1  r1  rF

(Xu & Emanuel, 1989). The difference in CAPE ( CAPE ) between two parcels A and B is calculated as
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It is critical to note that the difference in CAPE between two parcels is independent of the environment in which
they develop.
Finally, if all CAPE is converted to kinetic energy associated with upward vertical motion, then the differ1 2
2
ence in CAPE between two parcels is equivalent to wA  wB . Rearranging this expression yields
2





(4)
w wA  wB
wB2  2 CAPE  wB

3. Results
3.1. Cold-Phase Invigoration
We first review the calculations in R08. R08 assumed that a developing storm in a clean environment instantaneously unloads all condensate and that condensate is formed by deposition at temperatures below
−4°C. A polluted developing storm on the other hand retains all condensate until it is frozen and then instantaneously removed. Maximum invigoration occurs when this instantaneous freezing and instantaneous
unloading occurs at −4°C. We make these same assumptions except that freezing occurs nearly isothermally between −3 and −4°C rather than isobarically. The use of nearly isothermal freezing rather than isobaric
freezing results in about 3 J kg−1 per g kg−1 of condensate less CAPE due to changes in the timing of the
unloading (inferred from Früh & Wirth, 2007) which is minimal. The difference in density temperature
(ΔTρ) between the polluted and clean storms for this maximum invigoration scenario is shown in Figure 1a
(red line). We also add another scenario not considered by R08 (purple line), in which the lofted condensate
in the polluted storm is frozen but not unloaded. In both cases, the clean parcel assumptions are identical.
As discussed in R08 and in Grabowski and Morrison (2020), the latent heat released from freezing the liquid
condensate approximately balances the condensate loading and therefore brings ΔTρ to near zero for both
scenarios (point A in Figure 1a). Notably though, point A is at ΔTρ < 0. This is true not just for the example
shown but for all cases. The gain in ΔTρ is less than what is expected from freezing all the liquid ( L32rF )
because the latent heat released from freezing slows the condensation rate (or even induces evaporation).
The actual change in temperature from condensate freezing may be estimated following Emanuel (1994)
and is roughly half of the temperature change predicted by L32rF . This reduction in condensation lessens the
polluted parcel's gain in buoyancy such that the freezing of condensate in the polluted parcel is insufficient
to make it buoyant relative to the clean parcel.
It is the subsequent unloading of condensate following freezing (point B along the red line) that gives rise
to the substantial positive ΔTρ relative to the ultra-clean scenario and ultimately drives the invigoration.
Without the unloading of the frozen condensate (purple line), ΔTρ is negative through most of the parcel's
ascent. As a result, a polluted storm will be weaker than a clean storm even though additional freezing of
condensate is occurring. The invigoration described by R08 is typically attributed to the additional freezing
of condensate, but the preceding analysis clearly shows that the invigoration is in fact due to the assumption
of total unloading of condensate upon freezing in addition to the freezing itself.
As neither unloading of condensate nor freezing is an instantaneous process, we repeat the calculations
with more realistic assumptions. We now assume that the fraction of frozen condensate increases linearly
between −4°C and −40°C. Whereas instantaneous freezing is too rapid, this new assumption likely represents freezing that is, too slow (Hu et al., 2010). This is ideal from a theoretical perspective because this
assumption gives us something approximating a realistic lower bound on the possible invigoration due to
freezing. We also assume that condensate unloading begins when the condensate mixing ratio reaches some
threshold. Thereafter the condensate mixing ratio is held constant in the warm-phase and decreases linearly between −4°C and −40°C to some specified unloaded fraction based on the supposition that freezing
promotes unloading. A condensate loading threshold of 0 g kg−1 corresponds to immediate and complete
unloading regardless of the final unloaded fraction and an unloaded fraction of 0 means that the condensate
IGEL AND HEEVER
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Figure 1. (a) ΔTρ for various assumptions. The red and purple lines assume nearly instantaneous freezing, TCB = 295K,
and condensate loading as described in the text. The dark gray solid (dashed) line shows a sample profile with gradual
freezing and unloading using TCB = 280K (300K). Labels A and B are referenced in the text. (b) ΔCAPE (J kg−1) between
polluted and ultra-clean parcels as a function of initial parcel temperature. The dark gray solid (dashed) line indicates
the maximum (minimum) possible invigoration for the case of gradual unloading and gradual freezing between −4°C
and −40°C. Medium (light) gray lines are the same except for gradual freezing between −4°C (−15°C) and −20°C
(−40°C). (c and d) ΔCAPE (J kg−1) between various polluted parcels and a parcel with no loading for (c) TCB = 280K
and (d) TCB = 300K. Contours are drawn every 50 J kg−1 and all values are positive in (c) and negative in (d).

increases until it reaches the condensate loading threshold and remains constant thereafter. When the unloaded fraction is 1, the condensate decreases to 0 at −40°C. See the supporting information for full details.
Calculations are performed for all combinations of loading thresholds of 0–10 g kg−1, unloaded fractions of
0–1, and initial parcel temperature (cloud base temperature, TCB) of 280–300K to encapsulate a wide range
of possible values in reality. For each TCB, the maximum and minimum invigoration value relative to the ultra-clean parcel is found and displayed by the gray lines in Figure 1b. These can be thought of as the lowest
possible lower bound and the highest possible lower bound. Figure 1b shows that weak invigoration (up to
about 100 J/kg) may occur if TCB is about 292K or less; otherwise, the cold-phase processes lead to weakening, or enervation of the convection. Under the more realistic assumptions, the maximum enervation is
reduced (the gray dashed line compared to the unrealistic purple line). The results are somewhat sensitive
to the choice of initial and final freezing temperatures. Ending freezing at −20°C allows for slightly greater
invigoration whereas delaying freezing to begin at −15°C and end at −40°C does the opposite. Hereafter we
only show results for freezing between −4°C and −40°C.
Figures 1c and 1d show ΔCAPE as a function of condensate loading threshold and unloaded fraction for
cold- and warm-based storms, respectively. While the absolute values shown on the figures are useful for
understanding ΔCAPE relative to the ultra-clean parcel, important conclusions can also be drawn from
them by examining the gradients of ΔCAPE with respect to the two axes. A positive gradient indicates invigoration and a negative gradient indicates enervation.
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Figure 2. A schematic representation of the major processes examined in this study for warm-based storms. Circles
represent the parcel at multiple levels during its ascent. Circles increase in size with height as the parcels expand.
Center circles are colored by the density temperature difference of the polluted and clean parcels, where warmer
(colder) colors imply a positive (negative) difference. Arrows indicate differences in updraft speed between clean and
polluted parcels and are drawn on the side corresponding to the parcel with stronger updrafts. The thickness of the
parcel outline indicates the supersaturation and the length of the precipitation box below each parcel is proportional
to the degree of unloading. The left panel shows the processes contributing to warm-phase invigoration, the central
panel shows the processes contributing to cold-phase enervation, and the right panel shows two possible combination
of effects.

Weak invigoration occurs in cold-based storms when the unloading is delayed (i.e., a higher loading threshold). Conversely, storms are slightly weakened if the final unloading is reduced (i.e., lower unloaded fraction) (Figure 1c). In contrast, in warm-based storms, a polluted parcel is expected to be enervated even when
unloading is delayed (Figure 1d). To understand this difference in response, sample profiles of ΔTρ for TCB
of 280 and 300 K are shown in Figure 1a (gray lines). The figure shows that, under our more realistic assumptions, even when enervation occurs, the polluted parcel is still the more buoyant parcel at 200 hPa. The
freezing and unloading do make the polluted parcel more buoyant, but the speed at which these processes
occur is reduced compared to those under the original assumptions in R08. As a result, in warm-based
storms their impacts are not great enough to overcome the low-level weakening from condensate loading,
whereas in cold-based storms, the weakening is confined to a shallower layer in the lower part of the storm
and weak invigoration is possible.
It is difficult to directly compare these theoretical calculations to previous results from the literature since
most studies do not focus on the developing phase of storms and most studies take a Eulerian rather than
Lagrangian view of aerosol effects in storms. Nonetheless, the recent model intercomparison study from
Marinescu et al. (2021) shows qualitative support for our basic assumptions and results. In that study, five
of seven models produced higher condensate loading in the mixed phase region which supports our assumption that higher condensate loading is associated with greater aerosol concentrations. Models were
also in disagreement about whether temperatures near the top of the mixed phase layer should be warmer
or cooler in polluted storms, which is in agreement with our result that the temperature difference at that
level should be small and near zero.
The central panel of Figure 2 schematically represents the key points of these calculations for warm-based
storms. Namely, that (a) enervation due to condensate loading dominates through most of the parcel rise
and (b) the extra latent heat release from freezing does counteract some of the enervation but is typically not
great enough to lead to net invigoration.
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Figure 3. (a) Specified profiles of supersaturation in the parcel calculations. Warmer colors indicate more polluted
conditions. Differences between polluted parcels and an ultra-clean parcel with 20% supersaturation in (b) CAPE as a
function of initial parcel temperature, (c) temperature as a function of parcel pressure, and (d) condensate as a function
of parcel pressure. The parcels in (c and d) use TCB = 295K.

3.2. Warm-Phase Invigoration
To quantify the potential invigoration from warm-phase processes, we arbitrarily consider an ultra-clean
parcel as one which develops an equilibrium supersaturation of 20% during its ascent. Supersaturation of
10%–15% has been simulated in tropical deep convection (Fan et al., 2018; Grabowski & Morrison, 2017)
and supersaturation is presumably even larger in mid-latitude convection in which updrafts are typically
stronger. Assumed profiles of supersaturation are shown in Figure 3a (see the supporting information for
the equation). In all calculations we assume no unloading of condensate and linear freezing between −4°C
and −40°C.
Figure 3b shows that ΔCAPE increases as the equilibrium supersaturation decreases, that is, as the polluted
parcels become more polluted. ΔCAPE due to aerosol loading is small in parcels with relatively cold TCB
and is much more substantial for parcels with a deep warm-phase, that is, warmer TCB. For a very polluted
scenario of 0% supersaturation, the maximum ΔCAPE is slightly less than the maximum changes seen
in Figure 1b (red line). ΔCAPE is about 25 J kg−1 (100 J kg−1) for every 5% change in supersaturation for
TCB = 280K (300K). Such a linear scaling of ΔTρ with supersaturation is also evident and was previously
shown by Grabowski and Jarecka (2015).
Figures 3c and 3d illustrate that parcels with low supersaturation (i.e., more polluted parcels) are warmer
than those with high supersaturation (i.e., cleaner parcels) due to the additional condensate formation and
latent heat release (except near 200 hPa due to impacts of heat capacity). The maximum difference in condensate mass occurs around 700 hPa (Figure 2d). This indicates that at pressures lower than 700 hPa (higher
heights), for example, 600 hPa, a clean parcel is condensing mass faster than a polluted parcel. Such behavior is expected since both parcels must ultimately form nearly the same amount of condensate, regardless of
supersaturation, by the time they reach 200 hPa as indicated in Figure 3d. Such behavior is also consistent
with Grabowski and Jarecka (2015). The important point here is that the polluted parcel is not always condensing mass faster, but rather only condensing mass faster in the lowest levels. It is this which gives rise to
IGEL AND HEEVER
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Figure 4. (a and b) ΔCAPE (J kg−1) relative to the cleanest parcel (highest supersaturation, no loading) as a function
of supersaturation and loading with gradual freezing and gradual unloading as described in the text for (a) TCB = 280 K
and (b) TCB = 300 K. The loading value indicates both the condensate loading threshold (g kg−1) and the unloaded
fraction (1-value/10) such that the two quantities vary simultaneously along the y-axis. Contours are drawn every 50 J
kg−1 and the solid black line shows ΔCAPE = 0 J kg−1. (c) ΔTρ corresponding to possible simultaneous changes in
supersaturation (Δss, ssclean = 14%, sspoll = 12% or 0%) and condensate loading threshold (Δrt, rtclean = 2g kg−1, rtpoll = 3g
kg−1 or 8g kg−1). The unloaded fraction is held constant at 0.5. (d) Like (c) except for changes in the unloaded fraction
(Δf, fclean = 0.8, fpoll = 0.7 or 0.2) instead of loading threshold which is held constant at 7 g kg−1.

an increase in parcel temperature that sustains its increased buoyancy throughout its rise. These results are
illustrated schematically in the first panel of Figure 2.

3.3. Combined Effects
Based on the preceding calculations, aerosol impacts to the warm-phase and cold-phase processes will often
offset one another and minimize the total invigoration, particularly in warm-based storms. When considering the processes in both phases, ΔCAPE relative to an ultra-clean parcel for cold-based storms ranges
from about 0 to 200 J kg−1 (Figure 4a) whereas for warm-based storms it ranges from about −600 to 400 J
kg−1 (Figure 4b). The corresponding change in the maximum updraft speed depends on the updraft speed in
the clean parcel. A maximum invigoration of 400 J kg−1 corresponds to increase in updraft speed of at most
∼20 m s−1 in weak storms and ∼5 m s−1 in strong storms (Equation 4). These are likely overestimates given
that CAPE is known to overpredict the maximum updraft speeds (Peters et al., 2020).
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Example profiles of ΔTρ are shown in Figures 4c and 4d. Positive ΔTρ is evident at the lowest pressure levels
due to initially greater condensation in the polluted parcel. The differences thereafter depend on whether
changes in supersaturation, condensate loading threshold, or unloaded fraction dominate the response to
an increase in CCN concentration. If changes in supersaturation dominate, the polluted parcel will remain
more buoyant than the clean parcel throughout the ascent (Figures 4c and 4d, solid blue and yellow lines).
If the change in the condensate loading threshold dominates, the polluted parcel will be more buoyant than
the clean parcel initially, less buoyant at midlevels and then more buoyant again at upper levels (Figure 4c,
red lines). In this case, if we consider the relationship between buoyancy and vertical velocity, the polluted
parcel may rise more quickly than the clean parcel initially, but rise more slowly thereafter. Finally, if the
change to the fraction of unloaded precipitation dominates (Figure 4d, purple lines), the polluted parcel
may be less buoyant at the end of the ascent and so the polluted parcel rises fastest relative to the clean
parcel at upper midlevels but below storm top. These examples demonstrate that invigoration may be a complex function of height depending on how the condensate loading and supersaturation are simultaneously
impacted by aerosol concentration. The cases of dominant condensate loading threshold and dominant
unloaded fraction are illustrated in the right panel of Figure 2 to highlight that there is some ambiguity in
the combined effects of supersaturation and unloading on deep convective invigoration.

4. Conclusions
The theoretical calculations presented here suggest that aerosol-induced invigoration, that is, a CCN-induced (rather than ice nuclei-induced) increase in storm updraft speed, is theoretically possible, but is
substantially smaller (and oftentimes even negative), than previous calculations suggested. The unrealistic
assumptions regarding instantaneous freezing and total condensate unloading used by R08 greatly enhanced
the estimated magnitude of invigoration. More realistic assumptions as those used here show that coldphase invigoration is at best weakly positive and often contributes to storm weakening or enervation in
environments with high aerosol loading, particularly in warm-based storms. That said, the nature of unloading and the rate of freezing in deep convection is unknown and as such we may have underestimated
the cold-phase invigoration. Aerosol-induced invigoration is instead more likely driven by reduced supersaturation and enhanced condensation in the low levels of storms. As a result of storm invigoration in the
warm-phase and possible storm enervation in the cold-phase, polluted storms may not be strongest relative
to clean storms at storm top. Analysis of storm updraft speed changes as a function of height, particularly
in the developing phase of storms, will help to elucidate these processes.
The magnitude of the aerosol-induced changes to CAPE are at most a few hundred J kg−1. Changes in updraft speed are expected to be greatest in naturally weak storms, such as tropical convection. Finally, our
calculations suggest that the magnitude of aerosol-induced invigoration will increase as the climate warms
due to increased dominance of warm-phase invigoration. Current projections show up to 8K warming in
the mid-latitudes and up to 6K warming in the tropics (Fan et al., 2020). These projections correspond to an
increase of up to ∼90–120 J kg−1 in invigoration (Figure 3b or inspection of Figures 4a and 4b) and hence
point to a continuing need to better understand this phenomenon.

Data Availability Statement
Data figures and all code to reproduce the figures are publicly available at https://doi.org/10.25338/B8S044.
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