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Abstract. Current in situ measurements of water vapor supersaturation (S,) at cloud bases are highly uncertain due to

instrumental limitations. Consequently, Sy is commonly estimated using cloud microphysical models and parametrizations.

15 Here, we derive S, at cloud base from in situ measurements of liquid clouds through calculations of the energy and water vapor

budgets during cloud formation. To this end, we formulate the energy budget of an adiabatically ascending saturated air parcel

at cloud base, where changes in the thermodynamic state variables are approximated as quasi-isobaric. Under these conditions,

the latent heat released during condensational droplet growth (Q) is determined by the corresponding enthalpy change

associated with the phase transition from water vapor to liquid water. According to the first law of thermodynamics, Q is

20 redistributed between changes in internal ener; and water vapor expansion work (Ws). Within this diagnostic

framework, part of the latent energy is therefore associated with I¥;, reducing the amount of liquid water formed relative to the

limiting case in which the entire latent energy contributes to droplet growth. The supersaturations relative to liquid water (S))

and water vapor (S,) are estimated from the fractions of Q associated with AU and W, respectively. This framework enables

the derivation of S, from airborne cloud-base measurements through thermodynamic constraints on latent-energy partitioning

25  during condensational growth. Wederive-quantify-water-vapersupersaturation{(S.)-cloud-warm(only liguid water containing)
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Airborne measurements at the cloud bases of growing cumuli over the Amazon Basin demonstrate that the derived droplet

number concentration as a function of S, agree, within measurement uncertainties, with sub-cloud measurements of S,

activation spectra of cloud condensation nuclei.

1 Introduction

Understanding-A realistic representation of cloud formation processes and their impact on the atmospheric energy budget
and water cycle is crucial for accurate numerical weather prediction and reliable climate projection models (IPCC, 2021).
Liquid water cloud droplets form in a rising humid (i.e. water vapor containing) air parcel. which expands during ascent due
to decreasing air pressure. The expansion causes -and-as-a-resulta cooling of the air parcels during-aseent-until the relative
humidity (RH) exceeds 100 % (water vapor supersaturation, Sy) with respect to liquid waterkiquid-water-cloud-dropletsform

a d-aipa —whieh-expands o-d e b b

supersaturation-withrespeetto-Hguid-waterisreached. Subsequently, the water vapor condenses onto surfaces provided by a

subset of the preexisting aerosol particles that act as cloud condensation nuclei (CCN). The condensation of water vapor on
aerosol particles and the subsequent activation and growth of cloud droplets are described by the Kdhler theory (K&hler,

1936). Thise theory deseribesquantifies the equilibrium saturation ratio (or equilibrium RH) over an aqueous solution droplet

as a function of droplet size, accounting for curvature (Kelvin-effeet) and solute (Raoult-effeet) effects. It-and defines the

critical S, at which CCN particles are activated to form—inte cloud droplets. Due to the particle size dependence-inherentin
Koéhler theory, the growth of enee-a—salty droplets and S, beyond diameters of about 1-2 pms—Their isare

eontrolleddetermined by the thermodynamic state of the cloudy air parcel rather than by the physicochemical properties of

the original aeresel-CCN particles (Khain and Pinsky, 2018; Petters and Kreidenweis, 2007; Pinsky et al., 2012).

Despite extensive efforts during numerous field observations, airborne in situ measurements of Sy in clouds are highly

uncertain due to instrumental limitations. Sinee-RH is commonly derived from measurements of air temperature and water

vapor mass mixing ratio. The-the eembined-uncertainties of these parameters resulting in errors of about 5-10 % for the
calculated RH (Kaufmann et al., 2018; Namdari et al., 2025). which is much larger than the actual these-values of S,

typically observed in cumulus clouds (~ 0.1 - 1 %) and set in CCN counters under controlled conditions (Roberts and Nenes,

2005; Rose et al., 2008). Thus, S, at warm-eloud-bases of warm (i.e., only liquid water containing)-ewmutus clouds often isa

parameter-currentlyneeds to be estimated using numerical modeling and parametrizations based on Kohler theory. It ;-and
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remains an inferredindirectly retrieved quantity -and its accuracy is limited restrieted-by certain assumptions. In general,

current methods etto quantify S, are andlacking a thermodynamically constrained foundation that could be validated with

independent airborne in situ measurements (Campos Braga et al., 2017a; Pinsky et al., 2012; Rosenfeld et al., 2016;
Twomey, 1959; Varghese and Prabhakaran, 2025).

In this study we introduce a new method to derive S, during the early stage of warm cloud formation using thermodynamic

and cloud microphysical observations in combination with heat budget considerations. Microphysical cloud models [e.g.

(Khain and Pinsky, 2018; Korolev and Mazin, 2003)] explicitly calculate the water vapor budget for -and-adiabatic
eenditienschanges of thermodynamic state during-this-precess-by-assumingof a saturated air parcel adiabatie-where the

condensational growth of cloud droplets is controlled by the saturation ratio. Based on the thermodynamic equations

governing temperature, water vapor mixing ratio and the Clayperon-Clausius relation, the water vapor budget during cloud

formation can be calculated wateris-givenas a function of the change in Sy per unit time-as-follows:
4y _ P—Cq (1
L=P-Cp (D)

WherePhysieallythe P (production term) termrepresents the increaseing of S, by cooling induring the adiabatic ascent

(P = A; - w), and the-C, (condensation term) termdescribes-is the decreaseing of Sy due to the condensation of water vapor

on CCN particles and droplets (C; = A, - d(LWC) /dt) (see Appendix A-forecomplete-deseription-ofthese-terms). 4) and 4

are thermodynamic coefficients associated with the Clausius—Clapeyron equation describing the dependence of saturation

water vapor pressure on temperature. water-w is the updraft speedvelocity (dz/dt) of the rising air parcel and LWC

represents the liquid water content.

.Sy is typically inferred through parameterizations that associate parcel dynamics (i.e., w) and CCN properties to droplet
activation (Ghan et al., 2011; Reutter et al., 2009; Twomey, 1959). Afoundational-contribution-was-made-by Twomey
(1959)whe was the first who formulated a parameterization relating the CCN spectrum to the Sy in a rising cloud parcel.
The parametrization established a practical basis for predicting the number concentration of droplets (Ng) at cloud bases from

CCN properties just below cloud bases and in cloud w-eenditiens. From this information, the S, activation spectra of number

concentration of CCN [Nce (Sv)] awereare estimated for different atmospheric conditions. Several studies based on

Twomey’s parametrizations remain widely implemented in cloud microphysical schemes (Ervens et al., 2010; Feingold and

Heymsfield, 1992; Ghan et al., 2011; Khain et al., 2015; Reutter et al., 2009; Varghese and Prabhakaran, 2025), either in

their original form or through modifications that account for additional processes such as entrainment of dry air and; CCN

composition-ete. These parametrizations are typically validated through so-called Ny closure analysis, where simulated and
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measured Ny are eomparedadjusted. Theand-typieally agreement achieved from this analysisclosure are-abeutranges
between 20-30 %-for-average-coneentrations. Furthermore, Ncon (Sy) spectra areis-alse estimated based on satellite retrievals

(Rosenfeld et al., 2016).; in which clouds are treated as CCN chambers and thermodynamic andas well as microphysical

properties estimated for cloud bases are implemented to calculate Ny (S,) (Konwar et al., 2012; Pinsky et al., 2012; Rosenfeld
et al., 2014; Zheng and Rosenfeld, 2015). The accuracy of satellite retrievals aceuraey-of Ny (S,) individualsatellite

everpasses-is about 25-30 % when compared with ground-based Neen (Sv) EENES.)»-measurements.

Modeling and observational studies have been performed-in-varieusparts-of-the-world to improve our understanding of the
relationship between aerosol particle properties and their ability to form cloud droplets as a function of S, (Ervens et al.,
2010; Kleinheins et al., 2025; Kulkarni et al., 2023; Pohlker et al., 2016 Rissler et al., 2004; Wang et al., 2008). Simitar
concentration-of droplets{MNy)as-afunetion-S,-in-clouds-These studies compare the predicted aumberconcentration-of CEN

o-K6h heory-based-on-particle-size-and-compesition-toCCN number concentrations based-enderived from

Kohler theory, as a function of particle size and chemical composition, with results from CCN counting instruments at

different Sy.—Furthermere- Ny at cloud bases is commonly calculated in adiabatic cloud models based on the hygroscopic
growth of CCN particles within a rising humid air parcel with a prescribed hygroscopicity (x) of the CCN particles and a#
updrafiveloeityw (Braga et al., 2021a; Pohlker et al., 2021; Reutter et al., 2009; Varghese and Prabhakaran, 2025). These
models simulate the expansion and the corresponding cooling of the air parcel, the resulting changes in relative-humidity
(RH.);-ersaturationratie; and the activation followed by condensational growth of cloud droplets. Even-though

. rations bas 3 ) .  meas s, » tha )

n aintv ofthe n ibed-updraft velocityofthe airna and-th Nopumb oncentrations—si and-chemi

eompesition-From closure analysis using adiabatic parcel model predietionsresults, Braga et al., (2021a) observed that w and

K are critical factors in determining Ny at cloud basesaumber-, particularly in the unique environments of the Amazon Basin

during the dry (polluted) season and the clean conditions atof the Atlantic Ocean. The results indicated that while larger

accumulation mode CCN particles dominate cloud formation over land, smaller Aitken mode CCN particles play -a

significantly role in cleaner marine air masses. A dedicated analysis confirming these findings is described by Pohlker et al.

(2021). The authors establishesconclude that while w and « are critical for CCN activation into cloud droplets, the

contribution of Aitken mode particles is most significant in clean environments or deep convective clouds. Conversely, in

polluted air masses, samberhigh concentrations of larger particles suppress the S, required to activate smaller ones. Through

this sensitivity analysis, the authors clarify the thresholds where aerosol properties and w intersect to dietatedetermine cloud

microphysics responses.

-In this study, we propose a method to quantifyderive S, at cloud bases for an ascending saturated parcel considering the

energy and water vapor budgets during the condensational growth process. To this end, the energy balance of a cloud-

adiabatic parcel is calculated under the assumption of eenserved-isobaric enthalpy conserved during adiabatic processes. The
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total energy of a saturated air parcel is constrained by the enthalpy difference (dA) of the phase change from water vapor to

liquid water and the latent heat released (Q), where QO = dH. From the first law of thermodynamics, this energy is internally

partitioned between changes in internal energy (AU) and the expansion work of water vapor (Ws). Accordingly, the liquid-

phase supersaturation (S) and vapor supersaturation (S,) are defined as the respective fractions of O associated with AU and

The proposed method is evaluated using in situ measurements of cloud properties and compared with Ncex (Sy) EENLS)

observations below cloud bases. iesIn this framework.

enderived from measured Hgui LWC, air temperature and pressure at cloud bases, while
and S, are diagnostically estimated: i i i ibed—. Unlike conventional

parcel-model or CCN-closure approaches, which estimate Sy from prescribed #pdrafiveloeityw and aereselCCN properties,

the present method diagnoses cloud-base supersaturation from-measured-liguid-water-contenttemperatire—and-pressure
through a thermodynamic energy-budget closure. The airborne cloud base airberne-measurementsdata were collected within
growing convective cumuli over the Amazon Basin in September 2014 during the ACRIDICON-CHUVA campaign

(Wendisch et al., 2016)

polluted conditions over forested and deforested regions, and underclean marine conditions over the adjacent Atlantic Ocean
near-the Brazilian-coast. The resulting Ny (Sv) spectra at cloud base, obtained for
eight flight segments, are compared with the Ncon (S )-EENES, Y speetra measured below cloud bases. This analysis tests the

robustness of the underlying physical assumptions, as

estimates: Ny (Sy) at cloud base is expected to represent the Neen (Sy)-EENES,) population below cloud bases. The following

section 2 presents the proposed method and its underlying physical formulationlaws, while the results and discussion are

provided in the subsequent sections. Table Al in the Appendix lists and defines the symbols used in this manuscript. Fable-+
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RH: Relative humidity

Tair: Air temperature

Ti: Liquid temperature

To: Cloud base temperature
T: Cloud temperature

(adiabatic cooling)
TQ: Temperature after Q
p i e Tair To Te: Equivalent temperature
S O e Q: Latent Heat Released
l \Mws\\ LTt : Qe Q Q/ AU: Change in internal Energy
- INTENIE Q [ Q 0

Ws: Saturation Work
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2 Methods

We present a new, physically based formulation to guantifyderive S, in aadiabatically- adiabatie-saturated (with respect to

water vapor over a plane liquid water surface) air parcel near cloud base, grounded in the coupled energy and water vapor

budgets during the condensational growth. Near cloud base, the parcel ascends through itappearsjustified-to-assume-that the
i medynamie state-variables-is-assumed-isobarie-dueto-the-small pressure variations-, typically (~abeut

about 0.1 - 0.3 %) relative to ambient conditions. WeWe, therefore, treat the thermodynamic transformation locally as quasi-

isobaric, while retaining the physical effect of water vapor expansion in the work term. This approximation allows the

energy budget to be expressed per unit mass of dry air as a partition between the internal energy change associated with

condensational growth and the work associated with water-vapor expansion. Under saturated quasi-isobaric conditions, the

energy budget is governed by pressure and temperature, and the partitioning between AU and W remains process-dependent.

And under the local quasi-isobaric approximation with conserved specific enthalpy. the system is thermodynamically

reversible, allowing the energy budget to be determined from the temperature change (A7) during cooling or, equivalently,

from Q for a given liquid water content. In this study, the variables are expressed as specific quantities (denoted b

uppercase symbols). To recover the corresponding extensive quantities, these terms must be multiplied by the mass of dry

air.

underthe localquasi—approximation-with-conserved speeifieFigure 1 schematizes the en
saturated air parcel at cloud base (7, py) undergoes a small upward displacement to slightly lower pressure (p < py), cooling

adiabatically to temperature 7. Because the pressure change across the analysed cloud-base layer is small, the

ergy budget at cloud base. A

thermodynamic transformation can beis treated locally as quasi-isobaric for the energy-budget calculation. Under the
assumption-of conserved-isebarie-is approximation, the specific enthalpy p-=poYof the parcel is conserved and;theresulting
airtemperature-is-constanti-e the latent-heat-equivalent temperature (7)) remains nearly constant; during the cloud-base

ascent. The sensible enthalpy change (dH) associated with adiabatic cooling is limited by ¢p cioud (7 — 7). Where ¢p cioud is the

specific heat capacity of cloudy air. dH represents the upper bound on the parcel’s decrease in sensible enthalpy between the

two thermodynamic states. Under conserved enthalpy, d/ constrains the latent heat released during the conversion of water

vapor into liquid water, i.e., QO = - ¢p.cloud (Tp— T). From the energy partition according to the first law of thermodynamics, O
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= AU + W, and the resulting air temperature (7%i) is cooler than Tp. Similarly, the temperature of the saturated parcel is

slightly warmer when considering the W; term (i.e., Tws > 7). The energy expended on water vapor expansion during this

process results in an excess of water vapor (Sy) relative to the case in which the water vapor is fully condensed.

In situ measurements at the cloud bases of growing cumulus clouds are used to evaluate the theoretical assumptions. Neen

(Sy) spectra measured just below cloud base, prior to cloud measurements, are compared with the Ng (Sy) spectra derived at

cloud base during flights in the Central Amazon. The Ny (Sy) spectrum is considered representative of the Neen (Sv)

population below cloud base that, after buoyant ascent, is activated into cloud droplets. The following subsections describe

the steps of the proposed method, its underlying physical formulation, and the cloud, meteorological, and CCN

measurements used in this study.

RH: Relative humidity

To: Initial temperature

T: Cloud temperature

Tair: Air temperature

Tws: T accounting Ws

Ta: Temperature after Q

Q: Latent Heat Released

p I st Tair To AU: Change in internal Energy
\ Ws: Saturation Work

RH& Temp ——
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Figure 1. Energy balance of a cloud-adiabatic air parcel at cloud base assumingunder a local quasi-isobaric
eenditionsapproximation. Below cloud base, the moist air parcel ascends due to buoyancy. 7T.ir decreases with altitude while RH
increases up to the saturation level of water vapor (RH = 100%). where the temperature and pressure are 7y and po, respectively.

Above this level, the ascending saturated parcel cools adiabatically as pressure (p) decreases slightly te-a-givenand the parcel
reaches temperature (7). Nete-thatfor-theFor the local quasi—isobaric i =peapproximation used in the energy-budget

calculation, the pressure variation across the analyzed cloud-base layer is assumed smalnegligible relative to the ambient
ressure. The total energy of the parcel is given by the latent heat released during condensation which is proportional to the
i enthalpy change resulting from the water vapor to liquid water conversion i ions. the
conserved-equivalent temperature-is-expressed-as-From the first law of thermodynamics for isobaric conditions, the energy of the

closed thermodynamic system Q is partitioned into the internal energy change (AU) and saturation work of water vapor (W;). As a

result, Tair is warmer than 7 and cooler than the temperature corresponding to the case in which water vapor is fully condensed
To). Simi isshi 'When the /s term is included, the effective saturated parcel temperature (ie=7ws

isbecomes slightly warmer than the purely expanded state, i.e., Tws > 7. The energy expended on water vapor expansion (Ws)

during this process results in an excess of water vapor (Sv) relative to the case of complete condensation. The O region

schematically mirrors the total energetic partition shown on the left-hand side of the figure.

Toi te-the-th 3 fthe d b

d frn
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2.1 Calculation of the latent heat of condensation Deseription-of RH —and-S-derivation

The total energy of the saturated parcel is limited by the enthalpy difference of the phase change from vapor to liquid, 60 =

dH, and can be written in finite forms as follows:

6Q =dH - Ly q=— Cp,cloud AT = — Cp,cloud (To =T). (2)

Where g, is the liquid water mixing ratio (kg™' kg™). ¢peioua s the specific heat capacity of cloudy air (J kg K1), and L, is the

latent heating of vaporization (J kg™"). The g; and ¢p cioua are defined as the following:

Q= LWC/pair, (3)
and,
Cp,cloud = Cpa + Copv " Ts + Cpt " Qi ()]

Where, pai, is the dry air density (kg m), LWC is the liquid water content (kg m™), 7 is the saturation water vapor mixing

ratio (kg"'kg™"), ¢,q is the specific heat of dry air at constant pressure (1005 J kg™! K1), ¢, is the specific heat of water vapor

at constant pressure (1850 J kg™! K1), ¢, is the specific heat of liquid water at constant pressure (4218 J kg! K1), (Regers
and-YAU; 1989 Regers-and YA 1989 We assume the warmer temperature (7p) in the ¢p.coud and Ly calculations, as it

represents the initial condition of the saturated parcel. For small temperature differences at cloud base (< ~1 K), ¢p.cloud Varies

only weakly with r and ¢,. Since T and T represent the temperatures of a saturated parcel under isobaric conditions, they are

equivalent to the dew-point temperature at the corresponding pressure. Furthermore, 7, is calculated as follows:

es(

= (Ra/Ry) = o

)

Where R, is the gas constant for water vapor (461.5 J kg! K™, Ryis the gas constant for dry air (287.05 J kg! K™, and e(7)

is the saturation water vapor pressure (Pa) (Bolton, 1980; Rogers and YAU, 1989). The values of e, can be calculated for a

wide range of temperatures in Celsius (-30 °C < T < 35 °C) with minor uncertainties (~ 0.1%) as follows:

17.67 - T,
e; =611.2 exp(

T, + 243.5) ©

During the phase change, the internal energy decreases (7p > T) as ¢y and Q increase. The phase change process leads to an

increase in the air temperature, represented here by the latent-heat-equivalent temperature (7o), which is approximately

conserved during the ascent, i.e.:

To=T+ATy~ T, (7)

11
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Where, AT, = —2% 8)

Cp,cloud

2.2 Cloud Supersaturation

The formulation of RH describes the amount of water vapor in the air relative to the maximum amount of water vapor

the air can hold for a given temperature, i.e., the saturation ratio, and is defined as follows:

—100- D
RH =100 o [%] (9)

Where e(7) is the ambient water vapor pressure (Pa). For a saturated parcel or cloud undergoing cooling (from 7j to 7) the

reference-state saturation ratio (RH,) is calculated as follows:

es(T)
€s (TO)

RH, = 100 - [%] (10)

and the cloud supersaturation (S) is formulated as follows:

Se = RHy — RH, = 100 — RH,  [%] €8

where RH = 100% is the saturation ratio at the reference state (7}), and S. expresses the thermodynamic excess of water

vapor relative to equilibrium with respect to liquid water at the reference state. Since the cooling process is related to the

increase of g; (shown in Eq. 2), the increase in S, is associated with vapor-liquid conversion and Q.

[RHLJS=RH.

RH — 100 2] 1041 (11
FeiigPe 1t 7 701 ==

it + LARET=S )

2.323 Calculation of energy budget from the first law of thermodynamics

According to the first law of thermodynamics, the change in internal energy of a closed system is determined by the balance
between heat exchange and pressure-volume work. For an isobaric process involving only pressure-volume work, the change

in enthalpy (dH) can be interpreted as the sum of the change in internal energy and the expansion work performed by the

system. Under adiabatic conditions, the dH equals the heat exchanged at constant pressure by a saturated parcel. Thus, for a

saturated parcel undergoing condensational growth from the reference state, the latent heat released (6Q = dH) is the source

of heat in the thermodynamic system, and the energy budget can be calculated following the first law as follows:

Q=AU+W, 12)

where QO represents the latent heat released by condensation, AU is the change in internal energy of the parcel

associated with vapor-liquid conversion, and Wsis the specific work done by water vapor during expansion. The

terms of AU and W are calculated for an ascending saturated parcel as follows:

AU = — Cp,cloud * (TO - Tws) (13)

12
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a T es(Ty)
"5)=rso'Rv'To'ln(T—'es(7?)
0 s

vs0

Ays “usRv.T
W5=rs-j esda,,=r5-j . da, zrso-Rv-TO-ln(
v

) a9

Ayso Ayso

Where a, is the specific volume of water vapor for saturated conditions (m*kg™"). The W, term represents the effective

thermodynamic work associated with changes in the specific volume of saturated water vapor during cloud-adiabatic

cooling. Under quasi-isobaric conditions and small cloud base cooling intervals, the integration is referenced to the

initial thermodynamic state of the ascending saturated parcel (7o), and W, depends primarily on 7 and 7.

Analogous to Equation 2, the energy budget from Equation 12 can be calculated as follows:

a.
Ly q=- Cp,cloud * ATy + 750" Ry - Tp * ln( vs) (15)
Ayso
or,
-5,
L,-q =70 Ry, Ty" n (—) =~ Cpcloud * (TO - Tws) (16)
A %050

From this budget, T\, the saturated temperature, is slightly warmer than 7 calculated in Equation 2 due to the ¥, term.

Similarly, the resulting air temperature (74, shown in Figure 1) will be slightly cooler than Ty due to the W term. Thus, T

is calculated as follows:

Ws
Toir = F+ATy — P an

The differences of the saturated temperatures (7ws — 7) and air temperature (7 -T%ir) are the same.

2.434 Reversibility of the energy budget of the saturated parcel

The reversibility of the energy budget for isobaric conditions relies on the fact that the magnitude of the total latent energy (&

= dH) can be expressed equivalently in terms of either LWC or the temperature difference (AT) between two saturated states.

In Section 2.1, we show that the relationship between LWC and AT is one-to-one since the parameters are calculated as a

function of the initial thermodynamic properties of the saturated parcel. In this framework, this dependence is treated explicitly

through an iterative solution, ensuring consistency between condensate and heat capacity.

When the total energy is partitioned as QO = AU + W;, the internal-energy component represents a reduced cooling of the

saturated parcel compared to the case without accounting for the work term J;. Despite this partitioning, the functional

dependence between g and AT\, remains unchanged, so the relationship between thermodynamic variables remains one-to-

one. Since the parameters at Ws, ¢p.cloudand Ly are calculated for the initial conditions of the parcel (7)), the reversibility of

13
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the heat budget is preserved, ensuring a consistent and reversible relationship between condensate and temperature within
the proposed framework. The numerical differences while applying equations 2 and 12 to calculate Q are negligible (< ~
0.01%). The differences between the thermodynamic and energetic components of the cloud parcel for simulations with a
range of initial temperatures 7y (2°C to 30°C) and adiabatic cooling magnitudes (A7) are presented in Section S1 of the

Supplementary Material. The calculations are performed for the energy and vapor budgets at an atmospheric pressure of 950

hPa, similar as shown in the section 3.1.

2.545 Calculation of liguid and water vapor supersaturation

The calculation of liquid supersaturation (S)) and water vapor supersaturation (Sy) from the cloud supersaturation (S,) is

performed as a function of the energy budget formulation described in section 2.3, where ) and S, are the energy

contributions of AU and W in the total energy of the saturated parcel (Q). respectively.

The signs in the energy balance equations shown above describe the direction of energy transfer. However, S and S, are not

directional variables. They represent the partition of S. considering the energy budget, which is defined from the absolute

magnitudes of the energetic contributions, and thus, for a given latent heat released, due to condensation S; and S, are

calculated as follows:

=S50 (%] (18).
S, =S (%] (19).
Where,

Se=S8,+5S, [%] (20)

14
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2.6654 Closure analysis from airborne measurements at cloud bases

The calculations of RH. and cloud supersaturations (S, Si, and Sy) at cloud bases are performed asafunetion-efusing -the

measurements from cloud probes and meteorological sensors on board the-of HALO-aireraft. Table 12 summarizes the
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general thermodynamic conditions and time intervals of cloud properties measured at cloud bases. The cloud measurements

were conducted with the Cloud Combination Probe - Cloud Droplet Probe (CCP-CDP) (Lance, 2012). In this study, we

focus on the initial stage of cloud formation.; Therefore, only 1 Hz cloud passes (individual in-cloud sampling intervals)
withand-thus-cloud passes-with a-numberconcentration-of droplets{Ny) greater than 20 cm™, developing in-under updraft
conditions,; are considered. This threshold of Ny = 20 cm™is used to avoid haze and well-mixed cloud elements in the
analysis. Furthermore, cloud passes with measured raindrops are removed from our analysis. (CampesBraga-et-al;-2017)In

the supplementary material (Section S2), we present the sensitivity analysis assuming the proposed threshold for cloud

identification and varying the values of Ng and LWC for the derived supersaturations and their relationships. These analysis

shows that the derived supersaturations and their relationships assuming the proposed threshold (Ng > 20 ¢cm) are robust

with respect to variations in cloud identification criteria. The remaining variability is primarily driven by environmental

heterogeneity and turbulence rather than by the threshold definition itself.

The closure analysis relies on the reversibility of the cloud adiabatic parcel as described in the-previeus-section 2.4. The
calculations of RH., S, Si, and Sy require the information of p, LWC, T, and T near cloud bases. From the airborne data at
cloud bases, p, T'and LWC are measured. Therefore, we estimate 7y and 7,;.¢... for each cloud pass. Below are the sequential

steps used in our analysis:
1. Eirst-To (or Tp) is iteratively estimated for each cloud pass from is-estimated-based-on-the-measured-Q (calculated

from LWC, T and p) using Eq. fereacheloud pass-iterativelyusingequation152. RH. and S, are subsequently
calculated from 7 and estimated 7\-and-estimated T Lo usinsequations13-and-14.

2. The process is repeated by --considering both Q, calculated in the first step, and Ws in the energy budget (see Eq.
1816), which results in an estimated air temperature which-leads-to-a-coolerestimated-To-(Foys L) lower than Tj
obtained in step 1, such thatthanin-stept-where To > T,ies > T. From this closure analysis, the values of AU, and
W; are estimated, and S; and Sy are subsequently calculated with equations-Eqs. 22-18 and 2319, respectively.

During flights AC11. AC14 and AC17, the Ncen(Sy) spectra from two CCN counters (CCNa and CCNb) were measured

below cloud base prior to cloud base measurements with the CCP-CDP probe. This comparison provides an important

evaluation of the derived water vapor component of cloud supersaturation (Sy), since CCN chamber measurements are

independent of in-cloud condensational growth processes. The Ny(Sy) spectra were converted to standard temperature and

pressure (STP) conditions before comparison. The comparison between Ny(Sy) and Ncen(Sy) aimed to evaluate the physical

consistency of the proposed thermodynamical framework. In the CCN counters, S, is determined from the Kohler theory

using particles with a known physicochemical composition, typically ammonium sulfate, and is therefore independent of

cloud processes.
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2.5-75 Aircraft Data
2.575.1 Meteorological measurements

HALO was equipped with a meteorological sensor system (BAsic HALO Measurement And Sensor System— BAHAMAS)
located at the nose of the aircraft (Wendisch et al., 2016). The water vapor mixing ratio and derived humidity quantities were
measured by the Sophisticated Hygrometer for Atmospheric Research (SHARC). The uncertainties for measurements at a
frequency resolution of 1 Hz of air pressure, temperature, relative humidity, mixing ratio, and wind speed are about 3 Pa, 0.5

K, 5 %, 4% and 0.3 m s™', respectively (Mallaun et al., 2015).

2.575.2 Cloud prebe-and CCN measurements

The measurements of cloud properties over the Amazon Basin were performed at a frequency resolution of 1 Hz by
the CCP mounted below the wings of the aircraft (Lance, 2012). CCP combines two detectors, the Cleud-Droplet Probe
(CDP} and the grayscale Cloud Imaging Probe (CIPgs), which allow the measurement of droplets with a size range of 3-960

um. In this study, the integrated water content of CDP for bin diameters ranging from 3-50 pm was used to calculate the

LWC at warm cloud bases. The measurements were validated by another cloud probe (Cloud and Aerosol Spectrometer with

depolarization, CAS-DPOL) and a hot wire King probe (Campos Braga et al., 2017). The integrated water content of CIPgs
for bin diameters greater than 50 pm was used to calculate the Rainwater Content (RWC). Only cloud passes without rain

droplets (i.e., RWC = 0 g m™) are used in our analysis.

253 CCN ts
T \

252 =2t ¥

During the ACRIDICON-CHUVA campaign,- CCN number concentrations were measured at a frequency resolution of
1 Hz onboard HALO using a two-column CCNC [CCN-200; columns A (CCNa) and B (CCNb)], which is a continuous-

flow longitudinal thermal-gradient instrument manufactured by Droplet Measurement Technologies (DMT) (Roberts and

Nenes, 2005). In the instrument, the sampled aerosol particles are exposed to a set supersaturation and absorb water
depending on their size and chemical composition. Particles that grow to droplets larger than 1 um in diameter are counted

as CCN at that S,. twe-CEN-chambers-were-operating on-board-the HAEO-aireraft-CCNa measured CCN concentrations

with cycled S, between 0.2 and 0.55 % at 100 s intervals, and CCNb measured CCN concentrations with a fixed Sy ~ 0.55 %.

Table 23 summarizes the general thermodynamic conditions and the time intervals during which CCN measurements were
conducted below cloud base. The -Ncew (Sy) EENGS.)-speetrummeasurements of the chambers was compared to the
measured Nq and calculated S, for three flights where Ny(Syv) and Neen (S,)EENES,) had the same range of S, values. Fhe
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conditions during flights AC11, AC14 and AC17, the estimated uncertainties in CCN concentrations are about 10%. k

additienFurthermore, the estimated uncertainty in Sy values is about +614% on average, resulting from the uncertainties of

10% from counting efficiencies and 10% due to calibration accuracy. Sample air for the aerosol measurements was obtained
from two different inlets: (i) the HALO aerosol submicron inlet (HASI) and (ii) the HALO counterflow virtual impactor
(HALO-CVI). The CCN-200 provides-provides the possibility to measure from both inlets in parallel or at two different

values of Sy.

2.575.4-3 Airborne meteorological and cloud properties uncertainties

During the ACRIDICON-CHUVA campaign, the resulting uncertainty in the measured Ng and LWC by CCP-CDP with 1
Hz resolution was about 10% (Campos Braga et al., 2017). The uncertainty of rain-watercontentfRWC) measurements was
about 30% (Braga et al., 2017b, 2021b). RWC uncertainties are less relevant to this study since we are focused on shallow

cumulus clouds in the initiation stage of development, which typically have no rain droplets.

(CampeosBragaetal- 2017 The measurement uncertainties of the energy budget parameters were calculated using a Monte
Carlo method (JCGM, 2008)_and are described in section S2.2 in the Supplementary Material. The uncertainties in the

meteorological measurements from the BAHAMAS system translate into an estimated average uncertainty of about 0.24%

(typically < 1% for 1 Hz data) in the derived RH,. The relative uncertainties of the energy terms are about 10% for QO and

AU, and 13% for W;. Propagating these errors yields overall uncertainties of ~10% for S and ), and ~12% for S,. The

uncertainties of energy terms and supersaturations are mostly sensitive to the LWC uncertainties. Baumgardner et al. (2017)

reports that expected range of uncertainties in LWC and Ny is between 10% and 30%. For LWC uncertainty of 30%, the

relative uncertainties of the energy terms are about 29% for O and AU, and 38% for Ws. Propagating these errors yields

overall uncertainties of ~28% for S. and S), and ~36% for S,.

The uncertainties of the power-law relationship Ng = C-S, * fitted for each flight segment shown in this manuscript were also

calculated using Monte Carlo uncertainty propagation (using 10% for Ng and 12.6% for Sy). These calculations are presented

in Section S2.3 of the Supplementary Material. Across all flights, the exponent is well constrained with uncertainties of ok ~

0.01-0.03, while the C shows relative uncertainties of approximately 2—6%. Higher measurement uncertainties increase the

scatter in the power-law relationships Ng- S (shown in Tables S4-S6). Our analysis show a systematic decrease in both C and

k when uncertainties increase, indicating that uncertainty propagation affects not only the precision but also the magnitude of

the fitted parameters. Despite these shifts, the power-law relationship remains consistent across thresholds and flights, and
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the variations in C and k are within the broader uncertainty range of the estimates. This indicates that while increased

uncertainties reduce the strength of the statistical fit and slightly bias the parameter values, they do not alter the underlying

620 physical dependence of Ny on S, S, and S,.

625
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635 Table 12. Summary of cloud base 1 Hz CCP-CDP measurements conditions, including sampling duration and mean
thermodynamic conditions for each analysed flight segment.Summary of measurement parameters-at-cloud basesfor
flichts durine CRIDICON-CHUVA ¢ ion.

Period-of
Date in Initial End €toudDuration Average Average Average
Flight 2014 Time Time Meastirementsof  Altitude Pressure Temperature
(UTC) (UTC) Measurements (m) (hPa) (°C)
(s)
ACO7 6-Sep 17:58:00 18:12:50 77 1910 812.3 16.2
ACO09 11-Sep 15:41:10  15:53:20 41 1220 878.85 19.5
AC11 16-Sep 17:53:00 18:05:50 33 1896 812.28 16.2
AC14 21-Sep 15:36:40 15:57:30 73 1602 843.4 17.67
AC17a 27-Sep 15:11:40 15:28:40 121 1589 843.28 17.6
AC17b 27-Sep 17:07:00 17:17:00 64 1902 812.3 16.15
AC18 28-Sep 16:46:05 16:55:40 99 1711 834.07 17.18
AC19 20-Sep 17:27:50 17:37:40 163 606.5 942.59 22.26
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645

25



Table 32. Summary of below cloud base 1 Hz CCN measurement conditions, including sampling duration and mean

thermodynamic conditions for each analysed flight segment.Summary-of CCN-measurements-parameters-below
loud ) for flichts durins CRIDICON-_CHUV. ion.

. Initial End . Average Average Average
. Datein ) X €€ENDuration of .
Flight 2014 Time Time Measurements Altitude Pressure Temperature
(UTC) (UTC) (s) (m) (hPa) (°C)

AC11 16-Sep 17:39:10  17:50:00 650 450.93 958.91 28.06
AC14 21-Sep 15:25:00 15:33:20 500 954.9 908.77 22.85
AC17a 27-Sep 14:55:00 15:06:40 700 941.81 908.77 22.87
AC17b 27-Sep 16:52:30 17:01:40 550 1255.4 875.67 21.85

650

3 Results

3.1 Clond-Supersaturations-at-cloud-bases-of Amazonian-CloudsEnergetic Budget and Supersaturations at Cloud bases

655 To illustrate the thermodynamic basis of the energetic budget analysis at cloud base, we first describe the fundamental

relationships between the initial temperature of the saturated parcel (7)) and adiabatic cooling AT resulting from the ascent

for T ranging from 2°C to 30°C. Figure 2 shows the simulated values of LWC, O, AU, and W, resulting from the energy

balance at a pressure level of 950 hPa. All quantities from the energy balance are expressed as positive values to represent

the partition of the total energy (Q) during the condensational growth. In the case in which water vapor is fully condensed (Q

660 = dH) the LWC (solid lines) increase almost linearly with cooling rate for different 7y. For the same cooling rate, a slightly

larger LWC is calculated for lower temperatures owing to the higher dry air density of the saturated parcel. When accounting

for W in the energy budget. the resulting values of LWC (dotted lines) are relatively smaller. At 950 hPa, the fractional

reduction in LWC due to W, increases approximately linearly with temperature, ranging from about 4-6% at low

temperatures (~ 2-6 °C) to 15-20% at higher temperatures (~ 25-30 °C) (see Figure S1). The values of AU are slightly

665 smaller than Q since the total energy is partitioned with W;, which increases approximately linearly with temperature and

logarithmically with the cooling rate.
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Figure 2. (a) Contours of Liquid Water Content (LWC) values of cloud adiabatic parcels as a function of initial temperature 7o (y-
axis) and adiabatic cooling rate (A7) (x-axis) at 950 hPa. Dotted lines indicate the LWC resulting from the energy budget (s term
leads to LWC decrease for the same A7T). Similar for (b) Latent heat of condensation (0), (c) Magnitude of internal-energy change
(|AU|), and (d) saturation work (Ws).

Figure 3 shows the corresponding values of RH,, S, Si, and S, derived from the energy budget framework. Figures 3a-b

show RH. decreasing below 100%, with a corresponding increase of S, above 0% as a function of the prescribed adiabatic

cooling. For a given cooling magnitude, the increase in S. becomes slightly smaller at warmer temperatures because the

fractional reduction in RH, [es(T) /es(T,)] for a fixed AT decreases slightly with increasing 7y, consistent with the

temperature dependence of the Clausius-Clapeyron relation. Figures 3¢c-d show the partitioning of S, into .S; and S, resulting

from the energy budget analysis. The values of S are about one order of magnitude larger than S.. indicating that most of the

enthalpy change associated with adiabatic cooling and condensation contributes to vapor-to-liquid conversion and
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condensational growth, while ¥ represents a smaller fraction of the total energy budget. Since W; increases with 7, Sy

becomes relatively larger under warmer cloud-base conditions for the same cooling magnitude, whereas the opposite

behaviour is observed for S). This emphasizes the increasing contribution of saturation work to the total energy budget at

warmer temperatures, which enhances Sy while reducing the condensational growth of cloud particles.
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cooling rate (A7) (x-axis) for saturated parcels at 950 hPa. (b). (c) and (d) Similar to cloud supersaturation (S), liquid-phase

supersaturation (S1), and for water vapor supersaturation (Sv), respectively.

These relationships between energetic partitioning and the vapor budget remain qualitatively similar under lower-pressure

conditions. However, as pressure decreases, the LWC is reduced because the density of dry air decreases. Furthermore, for a

given Ty and AT, the magnitude of W, is slightly enhanced at lower pressures due to the larger saturation mixing ratio (see

Eq. 5), thereby increasing the contribution of water vapor expansion to the total energy budget. Consequently, a smaller

fraction of the enthalpy change associated with cooling and condensation contributes to vapor-to-liquid conversion and
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condensational growth. At 850 hPa, for example, the reduction in LWC associated with W, ranges from approximately 5-7%

at low temperatures (~ 2-6 °C) to about 18-22% at higher temperatures (~ 25-30 °C) (Figure S2). The larger contribution of

W; to the energy budget leads to slightly larger Sy and smaller Sj relatively to those at 950 hPa.

3.2 Cloud Supersaturations at cloud bases of Amazonian Clouds

Stshews-the locations-of measurements-at the-cloud-bases)The Amazon Basin provides a particularly useful testbed for

thisthe cloud base closure elesureanalysis because the same aircraft and instrumentation sampled a wide aereset

gradientrange of cloud base environments, from relatively clean marine and forested conditions to polluted air masses

influenced by biomass burning and the Manaus urban plume (see the locations of the cloud base measurements at Fig. S3).
isch-etal-2016: Braga-etals-Ceechinietals—)-

Figure 42 illustrates a case study of the dependence of dreplet-numberconcentrations-Ny at cloud base on RH, RH, cloud
supersaturations (S., Si, Sy), and the associated magnitade-ofenergiesenergetic terms (Q, AU, Ws) derived from
measurements collected during Flight AC14. During this flight leg, -€cloud bases of developing cumuli were sampled under
RH conditionswere-measured- ranging from ~ 60% to ~ 102 %, at an altitude of about at-abeut-1600 m and temperatures near
altitude-and-at-17.6 °C. Figure 42a shows that RH (in-blaek)-generally increases as a function of Ny even though in most

cloud passes RH is smaller than 100%. This variability in RH measurements arises from the characteristics of in situ
temperature measurements: liquid water impinging on the sensor can induce evaporative cooling, whereas the latent heat
released during particle condensational growth and buoyant air volumes may locally warm the sensor. RH, {in+ed)-decreases
consistently with Ny associated with higher Hguid-watercontent LWC. ~FheFor cloud passes where RH < RH, may-the local

vapor pressure e(7) is typically smaller than expected from the cooling trajectory of the initially saturated parcel, suggesting

enhanced entrainment of unsaturated environmental air and reduced condensational growth (see Figure S4)indicatethat-the

cloud pareels-are likely more atfected by-entrainment of unsaturated-air. Under such conditions, smaller droplets evaporate

preferentially due to the inhomogeneous nature of mixing in convective clouds. This selective evaporation reduces the local

LWC, and the remaining droplet population is biased toward droplets formed on CCN with higher hygroscopicity, which are

more resistant to evaporation. Conversely, for-cases in which RH > RH,; indicate that the parcel retains a larger vapor

content relative to theoretical calculations, favouring continued condensational growth, enhanced S, mayreflect-cloud

-yielding higher Ny for a

given CCN population.

Figure 4b shows the dependence of Ny on Sy and S at cloud base. Both S and S, increase with Ny, although S, remains nearly

one order of magnitude smaller than S). The calculated S, values exhibit the expected positive relationship between
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supersaturation and droplet concentration commonly observed in CCN activation spectra. The Ny(S,) relationship exhibits

substantial variability at cloud base owing to the inhomogeneous and turbulent nature of the in situ measurements. The

dispersion is particularly enhanced for cases in which relatively large Ny values are associated with small Sy, corresponding

to conditions where the local vapor pressure remains below the theoretical simulations (RH < RH,). Nevertheless, most of

the measured water vapor pressures remain within the estimated uncertainty range of the theoretical estimates (see Fig. S4)

indicating that the overall Ny-S, relationship remains representative of the cloud base thermodynamic conditions. Figure 4¢

presents the energy budget components as a function of S¢, while Figure 4d depicts the cloud supersaturations derived from

the measured LWC. These figures show that the total energy (Q) increases strongly with LWC and is dominated by changes

in internal energy (AU/Q; ~ 90% on average), while the contribution from saturation work (W5) is comparatively minor.

Similar characteristics of the energy budget were observed for the different flight legs measured in the Amazon Basin and

Atlantic Ocean (Figures S5-S18). In these flight segments, most of the measured water vapor pressures were within the

estimated uncertainty range of the theoretical cloud-adiabatic estimates. The estimated fraction of AU/Q accounted for ~ 88-

91% in the energy budget, lower values were measured for warmer (marine) clouds during flight AC19. As shown in Section

3.1, S, has a strong linear dependence on temperature, since this supersaturation component is associated with the W term.

These results show that in warmer environments, a larger amount of energy relative to Q is expended for the air parcel’s

expansion, leading to a smaller decrease in the cloud parcel's internal energy and a lower cooling rate.
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Flight AC14: Central Amazon
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Figure 4. Cloud microphysical and thermodynamic properties measured at cloud bases of growing convective cumuli during Flight
745 ACI14. (a) RH versus Na (black) and RH. versus Na (red). (b) Na versus Si (blue) and Na versus Sy (red). (¢) Se versus O, |AU|, and
W;. (d) LWC versus Sc, Si, and Sy.
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inSeetion-S+-Figure 5 shows the droplet number spectra as a function of cloud supersaturations (S, Si, Sv), Na(S), derived

from cloud base measurements for all flight segments (see Tables 3-5 for the statistics of the fit parameters).

where C'is a scaling factor and £ is the spectral exponent. Across all three supersaturations derived larger values of C and k&

parameters are estimated for acrosol-rich conditions (e.g., AC07). Eargerk-valuesindicate stronger sensitivity of droplet
aetivationto-S.consistent-with-aeresel-rich-conditions (e ACO7)-whereas smaller C and k- values (e.g., AC19) reflect

more CCN-limited regimes. The values of C and k have closer values for the power-law fits of Ny-S. and Ng-S) due to the
similar values of O and AU in the energetic budget partition (AU ~ 0.9 - Q). The high eerrelatien-coefficients of

determination (¥R? >> 0.9387) and low root-mean-square errors (RMSE < 0.3) indicate robust agreement between the fitted

relationships and the observations shewrebust-agreementbetween-observations-under different atmospheric conditions. The

tables show that the values of R? are sensitive to sample size, and larger cloud base datasets typically result in lower R?

values due to the inclusion of a broader range of atmospheric variability. In our observations, larger samples encompass

more heterogeneous conditions in updraft velocity, turbulence intensity, and CCN concentrations, which increase scatter in

the Ny-S relationships. Nevertheless, the fitted parameters C and k remain relatively stable across the different environmental
conditions owing to the underlying physical dependence between Ny and S. A more detailed description of this analysis
accounting for different cloud detection thresholds and measurements uncertainties is provided in Section S2.3 of the
Supplementary Material.

The Ny(Sy) spectra calculated from the energetic budget analysis at cloud base are comparable to the Ncen(Sy) spectra

observed near the surface level over marine regions and the Amazon Basin during the dry season (CampesBraga-etals

2047Khain and Pinsky, 2018; Pohlker et al., 2016). FheNy(S.)-speetra-indicate-thatuUnder clean marine conditions (flight
AC19), the estimated Na expected to activate at cloud base is about 72540 cm™ at Sy = 1%. The maximum

estimated Sy derived from the measurements is 0.27%, corresponding to an adiabatic cooling (A7) of 0.4 °C resulting from

the closure analysis. In contrast, Eer-measurements obtained under more polluted conditions over forested regions; during

flights AC09 and AC18 show Ny values is-roughly twice as large for the same Sy. The maximum estimated Sy values
derived from measurements were 0.34% (AT.= 0.53 °C) and 0.44% (AT.= 0.71 °C) for flights AC09 and AC18

respectively. Even hi larger Ng (Sv = 1%) values are estimated for are-ebservedthe data over the Central Amazon and the
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deforestation arc, where the droplet concentrations-the measwred CCN-concentrations- werewere more strongly influenced

by emissions from urban activities and biomass burning. The largest estimated S, value derived from the measurements

(1.15%) was calculated for flight leg AC17a corresponding to a A7, of 1.81 °C.

The Eclouds properties formingobserved under CCN-limited regimes were generally associated with regions of lewerweaker
buoyant forcing, wheredewerresulting in lower LWC-EHAE and weaker updraftspeeds-were-measured, {with maximum

values ~ 2 m s”! (see-Figure S19). In contrast, aerosol-rich environments were associated with stronger buoyant forcing and

enhanced adiabatic cooling at cloud base, leading to larger LWC, higher S, and stronger w (up to ~ 4 m s"")in-mere polluted

speeds. Enhanced buoyant forcing also increased the variability of cloud-base measurements by strengthening fluctuations in
the thermodynamic state of the cloud parcel (LWC, T, and p), which are the primary variables used in the energy budget and

supersaturation calculations. However, the uncertainties in S, do not scale directly with buoyant forcing itself, but rather with

the uncertainty in these thermodynamic and microphysical measurements (see Section S2.2). Consequently, the largest

observed Sy and w values were generally associated with larger cloud base LWC values, consistent with stronger adiabatic

cooling and enhanced condensational growth.

33



810

ACO7 ACO9 AC11 AC14 AC17a AC17b AC18 AC19

30007 T r i r i 3000 F T
2000 : 2000
BT P 3
1500 = 1500 ! 2
RF. & 2l = i 3
1000 > SR 1000 % W
§ s00 (dd § s00 3
w350 Al 5 3504l
K] ¥l K] L
& 200f= S 900}
S ¥ s Bt
S 100 S 100
o o
£ £
3 50 3 50
20 20
11+ EPEPEE PR PIS PIRS PPI PIR POY [ AP A A PP P PO
0 2 4 6 8 10 12 14 o 2 a4 6 8 10 12
Cloud Supersaturation (%) Liquid Supersaturation (%)
3000 T T T T T T T T T T T T T T T T T T T
2000 Z
1500 5
s :
1000 g &
750 SR
o~ = e
't 500
O 3
~ 350 ST
o o
°
2 p
2 00|
8 TF i
3 T
. 100}
]
o
€
5
z 50
.|
20
[1+) PRI SRV SPUPITIS SNUVINS SRS SPATES SPRTE
00 02 04 06 08 1.0 12 14

Water Vapor Supersaturation (%)

Figure 5. a) Sc vs. Na for multiple flight segments (AC07, AC09, AC11, AC14, AC17a, AC17b, AC18, and AC19). Colored markers

represent in-situ measurements, while solid curves correspond to power-law fits of the form Na= C-Sc*. The colored markers

correspond to different aerosol backgrounds in the Amazon region (red: Central Amazon, green: Northwestern Amazon, blue:

Atlantic Ocean). b) and c¢) Similar for S vs. Na and Sy vs. Va, respectively. Error bars indicate the uncertainties of Na (10%), S (~

9.5%)., 51 (~9.2%) and Sv (~ 12.6%). The statistics of the power-law fits are presented in Tables 3. 4 and 5.

Table 3.
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815 _Power-law fit parameters for the relationship Ve = C - S, ¥ derived from log-log regression for each flight leg. The

coefficients C and k are reported as Monte Carlo means + 16 (Nr= 5000 realizations). The coefficient of determination

(R?) and root-mean-square error (RMSE) are calculated from the nominal fit in logarithmic space. The uncertainties

of Na and Sv assumed in the calculations are 10% and 12.6%., respectively. Columns list: Flight leg, C, 6C. k, ¢ k, R,
RMSE, and sample size (N).
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Flight Cc aoC k ak R RMSE N
AC07 2417.38 80.01 0.923 0.014 0.958 0.249 77
AC09 1352.97 83.48 0.828 0.022 0.952 0.19 41
AC11 1567.29 66.16 0.925 0.027 0.982 0.125 33
AC14 1644.66  51.57 0.974 0.015 0.981 0.164 73
AC17a 1467.06 33.21 0.904 0.012 0.947 0.26 121
AC17b 1985.79 63.35 0.955 0.018 0.975 0.161 64
AC18 1420.38  50.03 0.847 0.015 0.94 0.213 99
AC19 743.72 27.24 0.824 0.015 0.874 0.24 163
ACO7 AC09 AC11 AC14 AC17a AC17b AC18 AC19
T T LI 14 - T T T T T T T T T T T
a - - FS, = 0.33T -86.33 b -
. - R? = 1.00 .
- P J
S — £ 12
%) e T | & I / ]
S ]
i w10 ¥ 4
M SR R R 8L+ 1+ 4 L MR
6 8 10 12 285 290 295 300
Cloud Supersaturation (%) Temperature (K)

830 Figure3—(a)Fraction-ofliquid-phase-supersaturation(Sy-as-afunction-of-cloud supersaturation(So-for-eight-cloud

Table 4. Similar to Table 3 for power-law fit parameters for the relationship Na = C - S/* derived from log-log

835 regression. The uncertainties of Vo and Si assumed in the calculations are 10% and 9.2%, respectively.
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Table S. Similar to Table 3 for power-law fit parameters for the relationship Na= C - S¢k derived from log-log

regression. The uncertainties of Va and Sc assumed in the calculations are 10% and 9.5%, respectively.

Flight c aC k ok R? RMSE N
ACO07 269.19 4.81 0.928 0.014 0.958 0.249 77
AC09 205.06 4.82 0.831 0.022 0.953 0.188 41
AC11 171.78 7.26 0.95 0.028 0.983 0.12 33
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AC14 169.44 3.62 0.987 0.016 0.983 0.157 73
AC17a 176.91 2.96 0.922 0.012 0.95 0.252 121
AC17b  203.88 5.54 0.971 0.019 0.977 0.153 64
AC18 193.53 2.97 0.855 0.015 0.942 0.209 99
AC19 121.32 1.37 0.831 0.015 0.876 0.238 163
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860 P tin-situ ts-whilesolid-curvese pond-to-power-law-fits-of the form-Ny= C-S.*. The correlationcoefficient
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Similar results-were-observed-for the N¢(Sp-and Ne(So)-speetra;-as-shownin Figures S10-and SH owing to-the nearly linear
. . ons. S; NS, Lesived-usi il L b ;
water s eempeﬂeﬂt. Sinece S’ is-a 1ated writh the ing aftha o el it rafla he relationchi etuwreen fi

3.32 Comparison of Na (Sv) spectra vs. Ncen (Sv) spectra in the Central Amazon

The comparison of Ng (Sy) spectra vs. Ncen (Sy) spectra is performed for four flight segments in Central Amazon, AC11,
ACl14, ACl7a, and AC17b. The Ny (S,) spectra are interpreted as representative of the sub-cloud Ncen(Syv) population that

was activated into cloud droplets after buoyant ascent to cloud base. During flights AC14 and AC17, the Ncen (Sv)

measurements were performed about 700 m below cloud base altitude, while during flight AC11, they were performed about

1400 m below cloud base (Tables 1 and 2). Therefore, the comparison should be interpreted as a closure between nearby

sub-cloud CCN populations and cloud base droplet activation rather than as a strict Lagrangian comparison of identical air
parcels.

hY e aleulatedfrom-the ti0 hudoat analucic at oland hacac chaur g ciadlare 1tad £ CONLS.
FheNytS.)speetra from-the-energett analysis-at-cloud-bases-show-a tide-of CENGS.)-speetra
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Figure 65 shows Ncen(Sy) spectra measured with CCNa for supersaturations-S, ranging from ~ abeut-0.2% to ~ almest
0.55%_(red marks)-during-flight ACH7-and-overanarrower-S,range-for flights ACH-and- ACH4, while —Ncon(S,) from
CCNb was measured with a fixed Sy at ~ 0.55% (blue marks). The corresponding Ny (Sy) spectra and the power-law fit

parameters for each flight segment are shown in black. The fixed-S, measurements from CCND illustrate the variability of

sub-cloud CCN concentrations for each flight segment. For segments AC11, AC14 and AC17a, the differences between

minimum and maximum Ncen(Sy) exceeded 1300 cm™, whereas during AC17b this range remained below 700 cm=. The

large variability in Neen(Sy) is associated with heterogeneous air masses influenced by pollution plumes from biomass-

burning and urban emissions. Under these conditions, the typical monotonic increase of Ncen(Sy) with increasing Sy is not

consistently observed in the CCNa measurements. This effect of pollution plumes in CCNa measurements is clearly shown

in the figure where larger concentrations were measured for smaller Sy. In the flight segment AC17b, where a smaller

variability of Ncen(Sy) is observed in the CCNb sampling, Neen(Sy) measurements from CCNa are more consistent with

those observed in homogenous air masses.

Flight: AC11 Flight: AC14
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Figure 6. (a) Sv vs. Na measured at cloud bases (black dots), and Sv vs. CCN concentrations measured below cloud bases

(CCNa(Sy) in red and CCNb(S,) in blue) during Flight AC11. Na and CCN concentrations are calculated at standard
40




temperature (0°C) and pressure (1013.25 hPa) (STP). Solid curves correspond to power-law fits of the form Na = C-S\*.
(b), (c), and (d), similar data from flight legs AC14, AC17a, and AC17b, respectively. Error bars indicate the estimated

910 uncertainties of Vg and CCN concentrations (10%). Uncertainties of Sy from CCN counters (14%) and theoretically
derived (~ 12.6%) are not shown for clarity.

Figure 7 shows the Ny(Sy) spectra and the Ncen(Sy) measurements for time intervals during which both CCNa and CCNb

were operating and the sampling duration exceeded 20 s (~ 1 km horizontal distance). The Ncen(Sy) measurements are

915 displayed using the same color for each fixed-S, cycle of the CCNa measurements. The measurements during Flight AC11

exhibit a clear influence of pollution plumes. with CCN concentrations reaching up to ~2000 cm~ in both counters

measuring in different Sy. Large concentration peaks are frequently observed in flight segment AC17a for a wide range of Sy

measurements. Overall, most Ny(Sv) and Ncen(Sy) values remain within the combined uncertainty bounds, whereas the

largest deviations are associated with variability in polluted air masses and with derived Ny(S\) values from cloud passes

920 more strongly affected by the entrainment and mixing of dry air. The spatial and temporal heterogeneity of the sampled air
masses during AC11, AC14, and AC17a also contributes to deviations in the fitted relationships over specific supersaturation

ranges (e.g., near Sy ~ 0.55% during AC14). Additional discrepancies between Ny(Sy) and Neen(Sy) concentrations may arise

from differences in the particle diameter (d) detection ranges of the CCP-CDP probe (approximately 3-50 um) and the CCN

counters (activated droplets with = 1 um), since the CCN counters may detect activated particles that have not yet grown

925  to the minimum detectable size of the CCP-CDP probe at cloud base.
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Figure 7. Relationship between cloud-base Na(Sv) spectra and sub-cloud Ncen(Sv) measurements for flight segments AC11, AC14,
AC17a, and AC17b over Central Amazon. Black symbols show the Na(Sv) observations at cloud base with the correspondin
power-law fits, while colored symbols represent Nccn(Sv) measurements from CCNa and CCNb. The colored measurements are

grouped according to individual CCNa supersaturation cycles with fixed Sv. Only periods with simultaneous operation of both

CCN counters and sampling durations longer than 20 s (~ 1 km horizontal distance) are included. Error bars indicate the

estimated uncertainties of Na (10%) and Sy (~12.6%). Uncertainties of Sy from CCN counters (14%) and in CCN concentrations

(10%) are not shown for clarity.
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Figure 5. (a) S vs. Nomeasured-at cloud bases (black dots): and- 8, vs. CCN-concentrations measured below cloud bases
(€ENa(S.)-inred-and CCND(S, ng%g%%%aﬂé@@%ﬂnﬂeﬁm&eﬂe%ﬂd—%&ﬂﬂdﬁﬂeﬂmm
aﬂd—pfess&ﬁe(ém—behd-eufwmﬁespeﬂd-kﬁ —5 D-power law-fits-of the form- ‘l‘e‘é E } E } [

. . s . .  Ny-and CONGS.

4 Conclusions

The thermodynamic energy budget analysis introduced in this study shows that water vapor supersaturation (S,) at the bases
of warm cumulus clouds can reliably-be quantified-deriveddiagnostically estimated by treating the ascent of a saturated

parcel as a cloud-adiabatic process with conserved isobaric enthalpy. Airborne observations over the Central Amazon reveal
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that N4 (Sy) spectra at cloud base agree within the uncertainty range of Ncen (Sy) spectra measured below cloud base,
indicating that the water vapor pressure derived from the thermodynamic equations is physically consistent with that
generated in CCN counters. In both cases, the water vapor density-pressure results from a thermal gradient under saturated
conditions. In CCN counters, Sy is produced within a continuous-flow chamber by imposing controlled temperature gradients
(warmer downstream) along wet walls. These gradients promote differential diffusion of water vapor and heat, leading to an
enhanced water vapor pressure along the flow axis that exceeds saturation at the local air temperature. In the proposed

diagnostic framework, Fhe-the S, ealeulated-inferred from cloud base measurements represents the vapor-phase contribution

to cloud supersaturation resulting from adiabatic cooling and is associated with the fraction of the latent energy partitioned

into -the-adiabatic coolingenergyassisned-to-water-vapor expansion work is-the-fraction-of the-adiabatic-cooling-energy

during the condensational growth.

The calculated Nq(Sv) spectra at cloud bases in different thermodynamic and aerosol conditions over the Amazon Basin and
Atlantic Ocean have shown a typical variability expected by-at ground-based Ncen(Sy) spectra measured in clean and
polluted conditions (Khain and Pinsky, 2018; Péhlker et al., 2016). However, the methodology relies on several idealized

assumptions - thermodynamic reversibility, negligible entrainment (adiabaticity), and accurate in situ microphysical and
thermodynamic measurements - that may not fully capture the complexity of heterogeneous and highly turbulent cloud
bases. Despite these Hmitationsassumptions, the suggested methodology adds new insights for the modetling of cloud base

supersaturation and energetics, offering a physically consistent constraint on droplet activation and condensational growth.

properties—Under the assumption of conserved isobaric enthalpy at cloud base, the energy budget and cloud supersaturation

components (S, S), and S,) of the saturated parcel

can be inferred-estimated from the temperature change during adiabatic cooling or, equivalently, from in situ measurements

of liquid water content, which constrain the enthalpy change associated with the conversion of water vapor into liquid water.

d_adiab . —3 8 K km-1) relative tothe d

yWithin the proposed framework, neglecting the

energetic cost of water vapor expansion (W) assigns a larger fraction of the available energy to vapor-to-liquid conversion.

getis-anThis suggests a possible
tendency to everestimation-overestimate efthecondensate production.- latent heating, treleased-during-condensational
erowth-o N-and-cloud-dropletswhich-in-turnleadsto-an-overestimation-of the-eloud pareel- buoyancy and associated

updraft speeds-velocities in simplified parcel calculations that do not explicitly account for this energetic partition.
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Future studies applying energetic budget analyses to in situ measurements ean-be-extendedmay extend this framework to
ealenlate-estimate elond-supersatnrationS, at cloud bases in other regions of the globe with-characterized by different aerosol
and thermodynamic conditions. The method described in this manuscript is especially relevant when Neew (Sy) measurements

are unavailable. The-method-deseribed-in-this-manuseriptis-especially relevant whenNcon (S)-CENGS, - measurements-are

wnavailable-Furthermore, the thermodynamic evolution of cloudy parcels can be investigated within the context of the

energetic budget to infer Sy from the vertical profiles of air temperature and dew-point temperature, with the parcel evolution
physically interpreted in terms of dry- and cloud-adiabatic cooling.Furthermeore;-the-vertical profiles-of mierophysical

— Such extensions wouldit enable a more comprehensive

quantification of the coupled microphysical and -energetic responses of clouds under diverse atmospheric conditions,

encompassine-including aerosol-cloud interactions, dreplet-condensational droplet growth and evaporation;-and-ice-phase
PrOCESSCs.

Appendix A
The derivation of Eq. (1) can be found in cloud physics textbooks such as Rogers and Yau (1989) and Pinsky and Khain

(2018). which describe the supersaturation tendency equation over water for an adiabatically ascending air parcel under the

assumption of small supersaturation (|S, | < 1):

dSy _ L dwe
TN T:

[s™] (A1)

Where. 4, and 4, are given by:

L 1
Alzg — - A2
T\cpaRyT Ry

1 Ly,?

Ay=—+—2
: Pv deRszpair

(4.3)

The equations are derived from the thermodynamic equations governing temperature, water vapor mixing ratio, and the

Clausius—Clapeyron relation. The coefficient 4, represents the production of supersaturation by adiabatic cooling during parcel

ascent, whereas A, represents the depletion of supersaturation associated with condensational growth, vapor depletion, and

latent heat release.
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1035 Table Al. List of symbols, variables, and physical constants used in this study. Thermodynamic variables are
expressed as specific quantities per unit mass of dry air. Uppercase notation is retained for consistency with the
energetic framework. The corresponding extensive quantities are obtained by multiplying by the mass of dry air.

Symbol Description Units
RH Relative Humidity -or%
RH. Reference-state saturation ratio -or%
RH; Saturation ratio at the reference state 7o -or%

S Supersaturation (general —or%
Se Cloud Supersaturation %

Si Liquid-phase Supersaturation %
Sy Vapor-phase Supersaturation %

e Water vapor pressure Pa
es Saturation water vapor pressure Pa

T Temperature of the saturated parcel K

T Air Temperature in Celsius °C
Tos Temperature of thg saturated parcel K

considering Ws
T Initial saturated temperature at cloud K
base
Tur Air lcmpcralurg fiﬂcr energetic K
partition

To Latent-heat-equivalent temperature K
AT Adiabatic cooling magnitude Kor°C
AT, Adiabalicclc;):l}ir;ga:;zlig;:udc from Kor°C
ATp Tmecralurln,af‘;aln})lz:;is;og1atcd with K
Ly Latent heat of vaporization Jkg!
[0} Latent heat released by condensation Jkg!
00 Differential latent heat release Jkg!
dH Enthalpy change Jkg!
AU Change in internal energy Jkg!
Ws Saturation work Jkg!
p Pressure of the cloudy parcel Pa
Do Reference pressure of the cloudy parcel Pa
q Liquid water mixing ratio ke kg!
Is Saturation mixing ratio kg kg!
Pair Dry air density kg m3
av Specific volume of water vapor m? kg!
- Specific heat orl;;isrlxllr:ir at constant T kel K-
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1040

Specific heat of water vapor at constant

o pressure Thg K1
e
oot Specific hcejrt‘scti?‘ztmzs(s)ltlfeloud air at 7 ke K-
Ry Gas constant for dry air Jke'! K
Ry Gas constant for water vapor Jkg ' K

o Thermod namjc coefﬁcielnt for -

— supersaturation production

Ao Thermod: nalT\ic coefﬁci@nt for ket

condensational depletion

P Supersaturation production term st

Ca Condensation depletion term st

Na Cloud droplet number concentration cm™
LwC Liquid Water Content kg m3 (or gm?)
RWC Rainwater Content gm?

w Vertical velocity / updraft velocity ms?!
CCN Cloud Condensation Nuclei -
Ncen Number concentration of CCN cm?
CCNa CCN counter column A -
CCNb CCN counter column B -

C Scaling coefficient of power-law fit cm?

k Exponent of power-law fit -

K Particle hygroscopicity -
RMSE Root mean square error -

oC Uncertainty of coefficient C -

ok Uncertainty of exponent & -

Nr Number of Monte Carlo realizations -

N Sample size -

R’ Coefficient of determination -
CccpP Cloud Combination Probe -
CDP Cloud Droplet Probe -
CIPgs Cloud Imaging Probe grayscale -

CAS-DPOL Cloud and Aerosol .Spc.clromclcr with B
— depolarization
HASI HALO aerosol submicron inlet -
HALO-CVI HALO counterflow virtual impactor -
STP Standard temperature and pressure -
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