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1. Introduction

Cumulus clouds are a fundamental component of the Earth's climate. They strongly impact the radiation
budget, hydrological processes, and transport of heat, momentum, and various chemical species. Uncer-
tainties in our understanding of cumulus clouds and their interactions with the larger scales have important
repercussions, for example, in future projections and estimates of climate sensitivity derived from model
simulations (e.g., Zhao et al., 2016). Indeed, the representation of cumulus clouds in numerical models
remains an outstanding challenge in climate science (Arakawa, 2004; Siebesma et al., 2020).

Stable water isotopologues have proved to be important tools to better understand and constrain pro-
cesses regarding cumulus clouds and, more generally, atmospheric convection (e.g., Bailey, 2020; Bailey
etal., 2015, 2017; Benetti et al., 2018; Conroy et al., 2016; Dee et al., 2018; Diitsch et al., 2018; Galewsky, 2018;
Guilpart et al., 2017; Kurita et al., 2011; Noone, 2012; Noone et al., 2011; Nusbaumer et al., 2017; Risi
et al., 2020, 2019; Torri et al., 2017). Differences in their masses provide isotopes of a given element with
slightly different physical and chemical properties. In turn, this implies that certain processes can affect the
relative abundance of isotopes in a given sample, something known as isotope fractionation. In the case of
atmospheric convection, measuring and tracking the evolution of isotope abundances in an air parcel could
thus reveal important insights on its history and on which processes affected it. Bailey et al. (2015), for ex-
ample, used data on water vapor isotopes collected on Hawai'i Island to constrain convective precipitation
© 2021. American Geophysical Union. efficiency, an important parameter with a strong influence on future climate projections and that is hard to
All Rights Reserved. constrain (Lutsko & Cronin, 2018). To cite another example, isotope ratios were also utilized to measure the
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proportions of convective to stratiform precipitation, thus providing an additional constraint that could be
used to improve climate models (Aggarwal et al., 2016; Chang et al., 2020).

Recently, considerable effort has been put in the study of water vapor isotopes in the lower troposphere and
the boundary layer. Convective processes in lower parts of the troposphere can explain a substantial part
of the variance in climate model estimates of equilibrium climate sensitivity (Bony et al., 2015; Sherwood
et al., 2014). In this context, for example, water vapor isotopes were used to constrain mixing between the
boundary layer and the lower troposphere (Bailey et al., 2013; Galewsky, 2015; Galewsky & Rabanus, 2016;
Benetti et al., 2018; Feng et al., 2019; Risi et al., 2019), or to constrain the humidity of the subtropical trop-
osphere (Galewsky et al., 2007; Gonzalez et al., 2016; Guilpart et al., 2017; Hurley et al., 2012; Noone, 2012;
Noone et al., 2011).

Most of the studies that focused on water vapor isotopes in the boundary layer have either considered quies-
cent-weather cases or used single-column models in which convection is parameterized. As a result, the in-
fluence of many convective processes on boundary layer isotopes is not well understood. An example which
illustrates this knowledge gap is provided by dynamical features of deep convective systems known as cold
pools, which are gravity currents generated by the injection of evaporatively-cooled downdraft air into the
boundary layer. Among other things, cold pools are hypothesized to be crucial in explaining the diurnal cy-
cle of convection, particularly the transition from shallow to deep convection (e.g., Boing et al., 2012; Khai-
routdinov & Randall, 2006; Kuang & Bretherton, 2006; Rio et al., 2009; Schlemmer & Hohenegger, 2014;
Tompkins, 2001), something that General Circulation Models (GCMs) often have difficulty representing
correctly (Bechtold et al., 2004; Betts & Jakob, 2002; Yang & Slingo, 2001).

As they evolve in the boundary layer, cold pools develop positive water vapor anomalies at their edges,
called moist patches (de Szoeke et al., 2017; Drager et al., 2020; Zuidema et al., 2017). Air that originates
from these patches experiences a reduced convective inhibition and, therefore, has a thermodynamic ad-
vantage compared to other parcels in the boundary layer (Tompkins, 2001). Using numerical models, it was
shown that this mechanism could explain how cold pools trigger new convective cells in environments with
low wind shear and relatively weak cold pools (Tompkins, 2001; Torri et al., 2015). Despite their importance,
moist patches and the related triggering mechanism are not included in the convective schemes used in
GCMs and remain poorly constrained, both in observations (Chandra et al., 2018), and in model simu-
lations (Langhans & Romps, 2015; Li et al., 2014; Schlemmer & Hohenegger, 2016; Seifert & Heus, 2013;
Tompkins, 2001; Torri & Kuang, 2016b).

Cold pools can also impact water isotopologues in the atmosphere. For example, Risi et al. (2020) suggest
that, by affecting the initial isotopic composition of convective updrafts, cold pools could play a significant
role in explaining the amount effect, the empirical observation that, on sufficiently long time scales, the
isotopic composition of rainfall is anticorrelated with the rainfall rate (Dansgaard, 1964; Kurita, 2013; Lee
& Fung, 2008; Moore et al., 2014; Risi et al., 2008). Clarifying the behavior of water vapor isotopes in cold
pools can therefore be beneficial to the understanding of water isotopologues in the boundary layer as well
as in the free troposphere. Ultimately, this could provide more confidence in the use of water isotopologues
to constrain important climate processes.

In this work, I will focus on cold pools and seek a process-based understanding of what controls their iso-
topic composition. In Section 2, I will introduce the isotope-enabled Cloud Resolving Model (CRM) and
the Lagrangian Particle Dispersion Model (LPDM) used for this study. In Section 3, I will present results on
how microphysical processes and mixing affect the isotopic composition of the downdrafts that generate
cold pools, and how latent heat fluxes and mixing affect the composition of cold pools while they propagate.
In addition, I will show how water vapor isotopes could be used as a means to diagnose the source of water
vapor in moist patches. In Sections 4 and 5, I will discuss the implications and the limitations of this work.

2. Methods
2.1. The Model

The CRM used to conduct the simulations discussed in this work is the System for Atmospheric Mode-
ling (SAM), version 6.8.2 (Khairoutdinov & Randall, 2003). The model solves the anelastic equations of
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sion of SAM as SAMiso.
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Figure 1. Horizontal and temporal averages of temperature (blue) and
relative humidity (red) as a function of pressure.

Temperature (K)

horizontally and 30 km vertically. The horizontal grid spacing is 250 m,
while vertically it varies continuously from a minimum of 31 m up to
500 m, the latter reached just above an altitude of 10 km, or 300 hPa. The
model has 20 layers in the bottom 1 km of the domain. The time step is
three seconds. The diurnal cycle is removed by fixing the zenith angle
at 51.7° and decreasing the solar constant to 685 W m™> (Tompkins &
Craig, 1998). Mean winds are initialized at zero.

As mentioned in Section 1, some of the results presented in this work are obtained using the LPDM (e.g.,
Nie & Kuang, 2012; Torri et al., 2015), which I run online with SAMiso. The LPDM is initialized with 400
particles per column, their initial positions being randomly distributed in horizontal and pressure coor-
dinates. At the beginning of the simulation, each particle is assigned three mixing ratios, one per water
isotopologue (see Section 2.2). At each time step, these values are updated according to the tendencies that
a particle experiences in the grid box it is contained in. These tendencies can either be due to microphysical
processes, diffusion, or mixing with other particles in the same grid box (for a more detailed account, see
the supporting information in Torri & Kuang, 2016b), and they are diagnosed from SAMiso. In formulae:

5q, . ~ '
th = (q")m[c + (q" )dif * (q‘y)"“-x (1)

This is repeated for all isotopologues. By saving all three tendency terms for each particle at every time step,
it is possible to reconstruct the entire history of water vapor isotopes for any particle, and assess the relative
role of different physical processes in modulating their mixing ratios.

I first run SAMiso for 50 days, until radiative-convective equilibrium (RCE) is achieved. In order to mini-
mize computational expense and storage, Lagrangian particles are not used in this phase. Then, I restart the
model with the LPDM and run it for 12 h with data collected every minute of model time. I consider this
as the control run. Horizontal and temporal averages of temperature and relative humidity with respect to
liquid water during this interval are shown in Figure 1.

Whenever the temperature within a grid box containing graupel is above freezing, melting occurs, and
the microphysics scheme of SAMiso determines the fraction of graupel to be converted to liquid water.
If, in addition, the grid box is unsaturated with respect to water, SAMiso also computes how much liquid
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water evaporates from the partially melted graupel hydrometeors (Blossey et al., 2010; Chen & Sun, 2002;
Pruppacher & Klett, 2010). This process is a source of water vapor in downdrafts and, because evaporation
generally causes fractionation of water isotopologues, it could also alter the isotopic abundances of down-
draft or cold pool water vapor. In order to test the impact of this fractionation process, I also run a sensitivity
experiment, in which the evaporation of partially melted graupel is deactivated. The sensitivity experiment
is conducted with the same configuration and spin up technique as the control run but without the LPDM.

2.2. Definitions

In this work, I focus on three stable water isotopologues: the lightest, and more abundant, H'26O, and the
heavier HX*O and HDO. For simplicity, I will omit the word “stable” for the remainder of this manuscript,
and, when possible, I will denote the heavier water isotopologues by the atomic isotopes (e.g., *0 in lieu
of HY'0). I also adhere to the general convention of denoting ratios of a heavier isotope X € {**0, D} to the
lighter isotope as:

Re="~ @

where qy represents the mixing ratio of the heavier isotope R, and g, that of the lighter isotope. The abun-
dance of a heavy isotope will be denoted by:

SN = E—RN - 1] x 1000, 3

R VSMOW

where Rysvow is the International Atomic Energy Agency (IAEA) Vienna Standard Mean Ocean Water
(VSMOW) standard (Aragués-Araguds et al., 2000). For simplicity, for the remainder of the manuscript,
every isotope ratio Ry will be normalized by Rysmow for the particular isotope under consideration.

The Lagrangian derivative for In(Ry) can be written as:

1 DRy 1 Dgy 1 Dq,
R, Dt gy Dt gq, Dt’

“4)

Estimating the Lagrangian derivatives of gy and q, using the LPDM as described in Equation 1, the above
equation becomes:

DRy _ z[(%)f _ ("Iv)i}, )

Ry Dt i) gy q,

where i € {mic,dif ,mix}. Equation 5 suggests that, from a Lagrangian perspective, the fractional change of
the isotope ratio Ry, or the change of In(Ry), in a time step can be computed as a sum of three terms due to
different physical processes, each of which can be determined with the use of the LPDM.

I define the subcloud layer as the portion of the model domain that includes the surface and in which the
time- and domain-averaged non-precipitating total water mixing ratio, gy, is below 10> g kg™". The latter is
defined as the sum of cloud liquid water and cloud ice mixing ratios. With the settings described above, this
corresponds to the bottom 631 m, approximately 70 hPa, of the model domain.

Cold pools are identified using a Lagrangian tracking algorithm (Torri et al., 2015; Torri & Kuang, 2016b, 2019).
Grid boxes in the subcloud layer for which the density potential temperature anomaly with respect to the
horizontal mean, 6',, is lower than —1 K, and in which the precipitating total water mixing ratio, q,, is great-
er than 0.3 g kg™' are flagged. The latter variable is defined as the sum of rain, snow, and graupel mixing
ratios. Each cluster of flagged grid boxes is then considered in a four-dimensional space which also includes
the time direction. If the cluster contains more than 250 grid boxes, it is given a unique identification
number. I refer to these types of clusters as cold pool cores. Finally, each Lagrangian particle that enteres a
cold pool core is assigned the same identification number, which is carried until the particle is in a grid box
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Figure 2. Average vertical profiles of §'*0, (a) and 6D, (b) for the environment (solid blue line), downdrafts (dotted
yellow line), and updrafts (dashed red line).

where 0', is equal or greater than zero. Because a number of thresholds were introduced in the algorithm, I
tested the sensitivity of the results by modifying each of the thresholds, but there was no qualitative change.

Following Torri and Kuang (2016b), I use a probability distribution function approach and define as moist
patches those grid boxes at or above the 90th percentile of the distribution of g, in the subcloud layer.

I also consider only those downdrafts that penetrate into the subcloud layer and inject air to form a cold pool
(Torri & Kuang, 2016a). These are identified by selecting the Lagrangian particles that are found inside of
cold pool cores and by tracking them back in time until the moment when they acquired negative velocity.
The height from where the particle starts descending is called the initial height (Torri & Kuang, 2016a).

Finally, updrafts are identified in the following way. Whenever a particle is in a grid box that has a positive
vertical velocity greater than 0.5 m s~ and q, greater than 0.1 g kg™, it is flagged. If these conditions are
maintained for at least 5 min, the particle is followed until either condition is violated consistently for 5 min.

3. Results

3.1. An Overview

In order to better understand some of the features observed in the subcloud layer, this section begins with
a brief overview of the vertical profiles of isotope abundances. The solid blue curves in Figure 2 show the
values of 50, (a) and D, (b) averaged over the horizontal directions and time.

Both curves show a minimum at 200 hPa and an enrichment at higher levels, which is consistent with pre-
vious studies (e.g., Blossey et al., 2010; Bony et al., 2008; Hanisco et al., 2007; Kuang et al., 2003; Webster
& Heymsfield, 2003). The solid blue curve on the left plot contains two additional minima, one at approxi-
mately 640 hPa and one at 340 hPa. At these heights, the vertical profile of D, also shows a decrease, albeit
less marked than that of 6®0,. The profile of §'*0, averaged only over the updrafts, denoted by the dashed
red curve, also exhibits a marked minimum in the upper troposphere. I hypothesize that the minimum in
the upper troposphere is due to vapor deposition on cloud ice and snow. This is consistent with Figure 3a,
which shows the vertical profiles of the abundances of 60 in the hydrometeor species predicted by the
microphysics scheme for the control run. In the plot, the solid red and the dashed purple curves correspond
to the 60 of cloud ice and snow, respectively, and they both show very enriched values in the upper trop-
osphere, in the layer where the vapor has a minimum.

TORRI

50of 20



A7
ra\%“1%
ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Atmospheres

10.1029/2020JD033139

Pressure (hPa)

100

200

300

400 -

500 -

600 -

700

800

900 [

1000
1

b) c)

300+ 3001

400+ 400+
500 - 500

600 - 600

Pressure (hPa)
Pressure (hPa)

700+ 700}

800+ 800}

20 -

0 40

580 (%)

900 900
—CTL

o 1000 1000 ‘ ‘ ; ‘

80 120 160 200 4 100 80 60 40 20 0

18, o
§"%0,, (%)

Figure 3. (a) Vertical profiles of §'°0 for cloud liquid water (solid blue), cloud ice (solid red), rain (dashed yellow), snow (dashed purple), graupel (dash-dotted
green), and water vapor (dotted black). (b) Vertical profiles of microphysical tendencies for hydrometeors (colors as in left panel). (c) Comparison between the
vertical profile of 80, in the control run (solid blue) and in the sensitivity run with no evaporation of partially melted graupel (dashed red).

Figure 3b also shows that at approximately 650 hPa graupel appears to melt into rain. By itself, this process
does not cause fractionation, but some of the partially melted graupel eventually evaporates. I hypothesize
that this is the reason behind the mid-tropospheric minimum in "0, seen in Figure 2a, which is also con-
sistent with the fact that the updraft water vapor does not show a similar feature, while the downdraft (dot-
ted yellow curve) does. In order to test this hypothesis, Figure 3c shows a comparison between 5'°0, in the
control (solid blue) and in the sensitivity experiment described in Section 2, where evaporation of partially
melted graupel is not allowed to happen (dashed red). In the latter case, the mid-tropospheric minimum
has disappeared.

As mentioned above, the vertical profile of 6D, also shows a decrease at 650 hPa, albeit not as strong as the
one seen in §'°0,. This is likely a result of small differences in the molecular weights and, in turn, vapor
pressures, of the heavier isotopologues which make HDO evaporate more easily than HYO. Because of this,
hydrometeors experiencing evaporation become relatively more enriched—and, correspondingly, the vapor
more depleted—in H5’O than in HDO.

3.2. The Isotopic Composition of Downdrafts

In order to understand the initial isotopic composition of cold pools, this section begins by examining the
composition of the precipitation-driven downdrafts that are responsible for generating cold pools. I first
present results obtained using Lagrangian particles, and then I discuss a consistency check based on a bulk
downdraft model.

3.2.1. Results From the LPDM

Following the definitions introduced in Section 2.2, I select all the downdraft particles and examine their
history, from the moment when they enter the downdraft until they arrive in a cold pool core.

Figure 4 shows the contributions, averaged over all the downdraft particles, to the right-hand side of Equa-
tion 5 due to microphysical processes (a) and to mixing (b). The former include rain evaporation and va-
por-liquid exchanges often referred to as equilibration effects (e.g., Graf et al., 2019). The results are shown
as a function of pressure and time since the particles’ entrance in the downdraft. Above the surface, the con-
tributions due to diffusion are much smaller than the other two terms and are not shown. The figure only
shows results for deuterium, whereas those for oxygen-18, shown in Figure S1, look qualitatively similar.

Between 850 hPa and 950 hPa, evaporation and equilibration tend to have an overall depleting effect on
the vapor in the downdraft. Due to differences in vapor pressures, heavier isotopes tend to accumulate
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Figure 4. Contributions to Equation 5 due to microphysical processes (a) and mixing (b) for downdrafts.

preferentially in the liquid phase while droplets fall in the downdraft, thus creating progressively more
enriched hydrometeors and depleted vapor. As the fall in the downdraft continues, however, some of the
droplets eventually evaporate completely, releasing heavier isotopes. This might explain why evaporation
tends to have an enriching effect below 950 hPa, in the subcloud layer, although equilibrium fractionation
may also play an important role (e.g., Aemisegger et al., 2015; Graf et al., 2019; Lee & Fung, 2008; Risi
et al., 2020). The positive values above the 800 hPa level are likely due to the fact that both rain and partially
melted graupel tend to be relatively enriched between 600 hPa and 750 hPa (see Figure 3a), so that their
evaporation would also enrich the vapor.

Mixing has an overall enriching effect. In Figure 2, the vertical profile of isotope abundances in the vapor
decreases monotonically approximately up to an altitude of 640 hPa. Thus, a particle in a downdraft is sur-
rounded by progressively more enriched vapor as it descends toward the surface. The figure also suggests
that the contribution due to mixing increases with time, although this could simply be due to the fact that
downdrafts become more depleted with time (not shown). In addition, this effect could also be partly attrib-
uted to a sampling bias, given that progressively fewer particles are found for increasing values of time that
they spent in the downdraft.

3.2.2. Consistency Check With a Bulk Model

I test the consistency of the results presented above with a downdraft model similar to the bulk plume
models used to study shallow cumulus clouds (e.g., Siebesma & Cuijpers, 1995; Siebesma et al., 2020). I
begin with the assumption that the bulk downdraft can be separated from its surrounding environment. In
particular, I consider as part of a downdraft any grid box for which w < — 0.5 ms™ and qQ>03g kg™ The
requirement for g, is particularly useful for minimizing the risk of including gravity waves in the category.
Assuming the hydrostatic approximation and steady conditions, the bulk equation for water vapor mixing
ratio in the simple model can be written as:

vV

) 6
gMdn ( )

0,q, = ,(q, —a,) +

where ¢, is the entrainment coefficient in pressure coordinates, g the gravitational acceleration, E, is the
horizontally averaged evaporation rate associated with q,, and I define My, = a4,@/g as the downdraft mass
flux, aq, being the fractional area coverage of downdrafts. The entrainment coefficient, ¢,, can be diagnosed
from the equation for moist static energy, h:
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Figure 5. (a) Isolines for the cumulative distribution function of the origin height (y-axis) of downdraft particles as a function of their initial heights (x-axis);

the red dashed line represents the downdraft particle density as a function of the particles' initial heights. (b) Contributions to Equation 9 due to microphysical
processes (solid blue) and entrainment (dashed red) for deuterium isotopes.

Ot
) @

where h is the moist static energy of the downdraft, and / that of the environment. Both are diagnosed from
the model output by taking horizontal averages at every level.

The mixing ratio of a heavier isotope follows a similar formula to Equation 6. Using the definition of Ry, the
equation for gy can be written as:

- Ey
ap(Rqu) = Ep(Rqu - Rqu) + =
dn

®)

where E is the horizontally averaged evaporation rate associated with gy. Subtracting RyXEquation 6 from
Equation 8, and after having verified that Ryg, =~ Ryg, (not shown):

1 Eg
— 1] + —[_*\ —
gqudn RN

where the left term in the right-hand side is the contribution due to entrainment, and the rightmost term is
the contribution due to microphysical processes. In the above equation, the terms q, and Ry are computed
by taking the horizontal averages at every level over downdraft grid boxes. Equations 9 and 5 can be directly
compared by writing the Lagrangian derivative in explicit form and assuming a steady state.

©)

O,Rs _ 6, [ Ry
Ry q, \ Ry

Finally, estimates of g, and Ex are needed to compute the terms on the right-hand side of Equation 9. The
colored lines in Figure 5a show the cumulative distribution of origin heights, defined as the height that a
particle has 60 min prior to its entrance in a downdraft, as a function of the particles' initial heights. The
latter, introduced in Section 2.2, is defined as the height of the particle when it enters the downdraft and
only for for those particles that are eventually found inside a cold pool core. Most of the particles that begin
their descent above 950 hPa originate in the subcloud layer, and only approximately 30% originate near
their initial height. The vast majority of the particles originating in the subcloud layer ascend in an updraft
until they acquire negative buoyancy and start descending (Torri & Kuang, 2016a). In the case of particles
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descending from greater heights, a larger portion originates at the particle's initial height, although these
constitute only a small fraction of the downdraft. For simplicity, I assume that g, and Ry are a weighted
average between the mean updraft values (70%) and the environment values (30%) at a particular height. I
tested the sensitivity of the results to this choice by varying the proportions by 5% in both directions but did
not notice significant changes.

The contributions to Equation 9 due to entrainment and microphysics are represented respectively by the
dashed red and the solid blue curves in Figure 5b. Qualitatively, the curves seem to confirm the conclusions
derived from Figure 4, with evaporation and equilibration acting to deplete the downdraft between 900 and
950 hPa and enrich it elsewhere, and mixing having an overall enriching effect.

3.3. The Isotopic Composition of Cold Pools

After having examined which processes affect the isotopic composition of downdrafts, in this section I con-
tinue the analysis and focus on cold pools. I begin by discussing the cold pool initial isotopic composition,
then I present results obtained using Lagrangian particles on which processes affect water vapor isotopes as
cold pools propagate. Finally, I show a consistency check based on a simple axisymmetric cold pool model.

3.3.1. Positive §'*0, Anomalies in Cold Pool Cores

Figures 6a and 6b show snapshots of the near-surface values of 60, and 6D, in the control run. The figures
show that cold pools tend to be associated with more depleted water vapor compared to other areas in the
domain, particularly in their cores. This is likely due to the fact that the air injected in cold pools originates
in the free troposphere and also that vertical profiles of water vapor heavy isotope abundances generally
decrease with height, as shown in Figure 2.

Figure 6a shows the presence of relatively enriched values of 6'°0, in the coldest regions of some cold pools.
A more systematic representation of this can be found in Figure 7a, which shows the joint probability den-
sity function of near-surface values of §'°0, and €', in the control run. The presence of an upper lobe for
0, between — 1 K and — 2.5 K confirms the existence of relatively enriched values in cold regions of some
cold pools.

I hypothesize that these anomalies are related to the evaporation of partially melted graupel that takes place
in the mid-troposphere. The fractionation that happens during this process makes hydrometeors progres-
sively more enriched. As they fall through the atmosphere, some of the hydrometeors eventually evaporate
completely, thus enriching the vapor where the process takes place.

In order to test the consistency of this hypothesis, I construct a similar joint probability density function to
the one shown in Figure 7a, but for the sensitivity experiment where evaporation of partially melted graupel
was turned off. The result, presented in Figure 7b, shows no values above approximately —13%o, which is
consistent with the hypothesis. Finally, differences in molecular weights between the heavier isotopes are
likely the reason why there are no D,-enriched areas in cold pool cores. The slightly lighter HDO molecules
evaporate more easily than H5°0, and therefore accumulate less in hydrometeors as they fall and evaporate.
Thus, when the hydrometeors evaporate completely, they enrich the water vapor with HYO isotopes more
than with HDO.

3.3.2. Results From the LPDM

After having focused on the initial isotopic composition of cold pool water vapor, I now focus on the prop-
agation stage and quantify the relative roles played by the surface latent heat fluxes and entrainment in
modulating cold pool isotopic composition.

Figures 6¢c and 6d show the near-surface values of 8D, and §'°0,, respectively, averaged over all the cold
pools detected by the tracking algorithm discussed in Section 2, presented as a function of cold pool radius
and age. Notice that the color bars of these figures cover a relatively smaller range of values than those in
the top panels of the same figure. Slight differences between cold pools and the histories they experience
are likely responsible for this.
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Figure 6. Top: Snapshots of near-surface values of "0, (a) and D, (b); the black contours represent negative anomalies of 9, at —1 K intervals starting from
—0.25 K. Bottom: Near-surface values of §'*0, (c) and 8D, (d) averaged over all the detected cold pools and shown as a function of cold pool radius and age.

During its first half hour of life, the cold pool gust front, which is the outer edge of the cold pool, propa-
gates with the greatest speed. This can be appreciated simply by looking at how rapidly the values of the
maximum cold pool radius grow initially. This is the phase during which the downdraft is injecting air in
the subcloud layer. Particles near the gust front become almost as isotopically enriched as their surrounding
environment. In the following stages, after the end of the precipitation-driven downdraft that originated it,
the cold pool propagation begins to slow and its properties change at a slower pace.

In order to quantify the role played by different physical processes (e.g., microphysics, surface latent heat
fluxes, and entrainment), I follow a similar approach to the one adopted in Section 3.2. For each Lagrangian
particle at any height in a tracked cold pool, I save the tendencies the particle experiences due to mixing,
diffusion, and microphysics for every time step and for each water vapor isotope. Then, I use Equation 5 to
quantify how much each process contributes to changes in the isotopic ratio. The results for diffusion and
mixing are shown in Figures 8a and 8b, respectively, as a function of the radius and the age of the cold pool.
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The contributions due to microphysics are negligible and are not shown here. The figures only show the
contributions for In(Rp), whereas those for In(Rs , ) are shown in Figure S2, and look qualitatively similar.

The diffusion term, which is related to surface latent heat fluxes, is larger than the mixing term across the

entire cold pool life cycle and at all radii. The contribution is greatest during the initial stage of cold pool
propagation, which roughly corresponds to the first 30 min of its life cycle. This is likely the main process
responsible for the rapid enrichment of cold pool water vapor isotopes noticed a few paragraphs above.
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The term decreases after approximately an hour following the birth of the cold pool, but it always remains
greater than the mixing term.

The mixing term is positive at outer radii at the very beginning of the cold pool life cycle but is negative at
all other times and radii. A more careful look at the data shows that the values at the cold pool gust front are
greater in magnitude than those in the rest of the cold pool approximately by a factor of 2. This is reasonable
considering how depleted cold pool cores are with respect to their surrounding environment.

As for the negative values afterward, these are likely due to two reasons. The first is that, during the mature
stage, cold pool gust fronts become anomalously rich in heavy isotopes compared to the environment, as can
be seen in the top panels of Figure 6. Entrainment of subcloud layer air during this stage would necessarily
deplete the water vapor. Furthermore, it has been shown that cold pools experience a large number of colli-
sions with other cold pools during their life cycle (Torri & Kuang, 2019). Because cold pools are particularly
depleted during the initial stages of their life cycle, the collision of a mature cold pool with a younger one
would have a depleting effect on the former.

3.3.3. Consistency Check With an Axisymmetric Cold Pool Model

I test the consistency of the LPDM results presented above by using a simple cold pool model. To con-
struct this model, I assume that cold pools are axisymmetric throughout their life cycle and that they are
well-mixed in the vertical direction. With these assumptions, I use a system of shallow-water equations to
describe the evolution of the cold pool and its properties (see e.g., Ross et al., 2004, 2006; Ungarish, 2009).
For simplicity, I also assume that the reference state is in hydrostatic balance, that the cold pool satisfies the
Boussinesq approximation and, in addition, that there is no detrainment from the cold pool. If h(r, t) is the
height of the cold pool from the surface in pressure coordinates and u,(r, t) its radial velocity, then:

e

oh+r'o,(ruh) = w, (10)
d,(hq,) +r'0, (ru,.hq\,) -w,q, = gL'F, 11)

w, is the entrainment pressure velocity, g is the gravitational acceleration, L, is the latent heat of vaporiza-
tion, F, is the latent heat flux, q, is the water vapor mixing ratio of cold pool air, and ¢, is the mixing ratio
of the air entrained. Using the product rule of derivation, and subtracting the above equations, I obtain:

0,4, +u,0,q, = h™' [gLElFV +, (% - qv)}- (12)

The two terms on the right-hand side are due to surface latent heat fluxes and entrainment of air from the
subcloud layer. Given that a similar equation applies to g, and considering the definition of Ry, I proceed
in a similar way to Section 3.2 and obtain:

1 1 F 7. | Re
—(0,Ry +u,0,Ry) = — L(—‘\ - F,,] P (13)
RN h LI'qV RN q\' RN

where Ry, is the isotope ratio in the environment. The above equation provides a way to distinguish the con-
tributions to the changes in Ry of the expanding cold pool due to surface fluxes and those from entrainment
of subcloud air. All the terms written in Equation 13 can be diagnosed from SAMiso output, using the cold
pool tracking algorithm to classify the data according to the distance from the cold pool center and the time
since the birth of the cold pool that a grid box is part of.

Because of the turbulent nature of cold pools, and given that there is no real discontinuity that separates
a cold pool from its surrounding environment, there is no single method to determine the height of a cold
pool. Here, I define h(r, t) as the average pressure height from the surface of cold pool particles at a given
point in time and space:
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h(r,t) = N@p7" jz; (Ps — p) n(r, p,t) dp, (14)
N0y = [0 nG.p.1)dp, (15)

where n(r, p, t) is the density of particles at a given point in the cold pool, and p, and p; are the values of
pressure at the top and at the surface of the domain, respectively. I conducted sensitivity tests where cold
pool height was defined as the height of the 75th and 90th percentile of n(r, p, t) and I noticed no qualitative
differences. Finally, ¢, and Ry are computed by averaging the variables in the top 25 hPa of the subcloud
layer, and the entrainment pressure velocity is diagnosed using Equation 12.

Figures 9a and 9b represent, respectively, the contributions from the latent heat flux and the entrainment
terms of Equation 13. The figures represent the results for deuterium, but those for oxygen-18 are qualita-
tively similar. Overall, there is good agreement with the results shown in Figure 8, which were obtained by
examining the histories of Lagrangian particles within cold pools. The flux term appears to be greater than
the entrainment term and tends to enrich the cold pool water vapor. The entrainment term is relatively
small in the body of the cold pool.

Unlike the results obtained with the LPDM, the entrainment term here seems to only have a depleting effect
on the cold pool. However, I assumed that entrained air parcels originate in the upper portions of the sub-
cloud layer, which are relatively more depleted than the surface layer or even mature cold pool gust fronts,
where air may actually be originating in the simulation. These differences notwithstanding, the favorable
comparison between the results obtained using different diagnostic techniques provides some confidence
in the conclusions.

3.4. The Isotopic Composition of Moist Patches

In this section, I examine the isotopic composition of air parcels in moist patches, the anomalously moist ar-
eas surrounding cold pools. In particular, I present some results that show that isotopes could potentially be
used to diagnose the origin of the water vapor found in the patches. This is an area where there is still some
controversy, with some modeling studies suggesting that rain evaporation plays a particularly important
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Figure 10. Cumulative distribution functions of §'*0, (a) and 8D, (b) for particles in cold pool moist patches grouped by r..

role in generating moist patches (Seifert & Heus, 2013; Tompkins, 2001; Torri & Kuang, 2016b), while others
suggest that surface latent heat fluxes are the main responsible instead (Langhans & Romps, 2015; Schlem-
mer & Hohenegger, 2016).

Because rain evaporation has a depleting effect, at least above the boundary layer, and, as shown in Sec-
tion 3.3, surface latent heat fluxes enrich water vapor, the isotopic composition of parcels in moist patches
could vary according to how much water vapor was accumulated from either sources. Using the LPDM,
whenever a particle is found in a moist patch grid box, I save its isotopic composition and examine its
history in the previous 4 h. Finally, I group particles according to r,, the ratio of water vapor accumulated
through rain evaporation over that accumulated through surface latent heat fluxes. Because mixing also
affects the isotopic composition of an air parcel, I have tried to further group the results by the ratio of water
vapor accumulated through mixing to that accumulated through surface fluxes, but this did not cause any
significant difference in the results. Furthermore, I have tested the sensitivity of the results to the choice of
using a temporal window of 4 h by considering values of 3 and 6 h, but noticed no qualitative difference.

The panels of Figure 10 show the cumulative distribution functions for parcels in moist patches at the
surface with different r, as a function of their isotopic abundance at the time of collection. The lines in the
different plots seem to confirm that particles that have accumulated more water vapor through rain evap-
oration rather than surface fluxes are generally more isotopically depleted. The curves appear relatively
similar at higher values of isotopic abundances, but show some degree of divergence at lower values, with
the curve for a higher r, having a longer tail than that with r, = 0.

A possible explanation for the lack of a larger spread among curves corresponding to different r, values is
that equilibration fractionation could account for a considerable portion of the microphysical effects expe-
rienced by downdraft parcels (e.g., Aemisegger et al., 2015; Graf et al., 2019). In this case, the contributions
due to evaporation of rain and partially melted graupel would be relatively small and would not leave a
particularly strong imprint in the isotopic composition of downdraft particles. If, on the other hand, evapo-
ration was the leading factor in the microphysical changes, the opposing signs of the tendencies in Figure 4a
could explain the lack of spread.

To further assess the role of microphysics, I compare the isotopic composition of Lagrangian particles
when they exit a downdraft and enter a cold pool core with the hypothetical composition the particles
would have had if microphysical processes had not caused isotopic fractionation. The latter is estimated
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by reconstructing the water vapor content of each particle as it descends in a downdraft, and adding to the
particle the amount of heavier isotopes mixing ratios that would keep its isotopic composition unchanged.
To determine the latter, I begin by assuming that, over a time step, microphysical processes make the water
vapor mixing ratio of a particle in a downdraft change from g, to ¢, + d¢; and the mixing ratios of heav-
ier isotopes change from qy to gy + d¢x. By imposing that the isotope ratios at the successive time steps,
Ry = qn/qy and R\;\ = (qy + 6q%) / (g, + 8q;), are equal, T obtain the following constraint on the heavy iso-
tope mixing ratio added by evaporation:

dq5 = Ryoq;. (16)

Figure 11 shows the cumulative distribution function of isotopic abundances when particles reach the cold
pool core. The solid blue curves refer to abundances reconstructed using the tendencies output from the
model, whereas the dashed red curve denotes hypothetical abundances when microphysics does not cause
fractionation. The results suggest that, because of the opposite trends above and below the boundary layer,
microphysics appears to have an overall small impact on the median isotopic composition of downdraft
particles when they enter a cold pool core.

4. Discussion

In spite of considerable progress over the last decade (see, e.g., Pincus et al., 2018; Siebesma et al., 2020,
and references therein), many processes involved in cumulus convection remain underconstrained. In turn,
this has repercussions on our understanding of the climate system, our ability to clarify its past, and predict
its future. Although water vapor isotopes are useful tools in the study of climate, their application requires
a comprehension of their behavior at a process-based level. Because numerical models used in this effort
often do not explicitly resolve convection, however, many uncertainties remain.

In this study, I addressed some of these uncertainties by considering an idealized deep convective setting
and focusing on cold pools, boundary layer features that are key ingredients of deep convective systems. I
conducted the analysis with a combination of an Eulerian and a Lagrangian particle model, and I began
by investigating the processes that influence the initial isotopic composition of cold pools. By analyzing
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the history of the Lagrangian particles injected in the boundary layer by precipitation-driven downdrafts,
I showed that mixing tends to enrich the isotopic composition of the particles throughout their descent
(Figure 4). Microphysical processes, on the other hand, have contrasting effects: they deplete particles above
the boundary layer and enrich them below. These results were confirmed using a bulk downdraft model as
a consistency check. This model was constructed using many simplifying assumptions, but the favorable
comparison with the results obtained using the LPDM provides some confidence in the conclusions reached
using the latter.

I then examined the history of particles after they leave downdrafts and enter cold pools, and I determined
the relative roles played by mixing and latent heat fluxes. Figure 8 shows that mixing has an enriching ef-
fect in the first moments of the cold pool life cycle, but otherwise it depletes cold pool water vapor. Given
that cold pool collisions are relatively frequent (Feng et al., 2015; Drager & van den Heever, 2017; Torri &
Kuang, 2019; Fournier & Haerter, 2019; Henneberg et al., 2020) and, as Figure 6 suggests, cold pools become
more enriched as they mature, I attributed the initial enrichment caused by mixing to entrainment of old
cold pool air parcels into the developing cold pool. Latent heat fluxes have an enriching effect that dom-
inates the depletion due to mixing at all times. As a consistency check on these findings, I formulated an
axisymmetric cold pool model based on shallow-water equations. Figure 9 shows good agreement with the
results obtained using Lagrangian particles alone, discrepancies being likely due to the relative simplicity of
the axisymmetric model used. Overall, the model confirms that latent heat fluxes are the primary responsi-
ble for the enrichment of cold pool water vapor isotopes.

These results could have important repercussions on our understanding of atmospheric water vapor iso-
topes. For example, while it is commonly assumed that downdrafts have an overall depleting effect on
boundary layer isotopes (Kurita, 2013; Kurita et al., 2011; Risi et al., 2008, 2010), the findings in this work
suggest that the role of downdrafts may depend considerably on the height at which they originate, with
shallow downdrafts potentially having a neutral or even an enriching effect. Mixing could also counterbal-
ance the role of microphysical processes by enriching the downdraft. These findings are consistent with,
and could perhaps offer a process-based explanation to the results of Risi et al. (2020), who suggested that
downdrafts are not one of the main factors that explains the amount effect as previously thought.

The fact that most of the contribution from surface latent heat fluxes to cold pool water vapor isotopes hap-
pens roughly within 30 min from the birth of the cold pool is also an interesting finding. While many budget
models that have been constructed to understand boundary layer water vapor isotopes use an average value
for the surface fluxes (e.g., Benetti et al., 2018; Galewsky et al., 2016; Risi et al., 2008, 2019), results presented
here suggest that the variance of the fluxes should also be taken into account in the presence of cold pools.

The overall different effects that rain evaporation and surface fluxes have on water vapor were used in
Section 3.4 to test whether vapor isotopes could help to constrain the origin of moist patches, a topic that is
still a matter of debate (Chandra et al., 2018; Drager et al., 2020; Langhans & Romps, 2015; Li et al., 2014;
Schlemmer & Hohenegger, 2016; Seifert & Heus, 2013; Torri & Kuang, 2016b; Tompkins, 2001). Indeed,
Figure 10 suggests that particles in moist patches that have accumulated a greater fraction of water vapor
through rain evaporation are more isotopically depleted than those that have accumulated more through
surface latent heat fluxes. However, the differences between the curves are relatively small. For instance, the
tenth percentile of the cumulative distribution functions differ at most by approximately 1.5%o in 6D,, and
the medians differ by roughly 0.5%.. Differences like these could be well below the standard errors associat-
ed with the observations, which would be problematic. However, there may be scenarios, for example with
a drier free troposphere or with mesoscale organization, where downdrafts originate from greater heights,
experience more rain evaporation and become, therefore, more depleted (Kurita, 2013; Kurita et al., 2011).
In such cases, it might be possible that the differences between the isotopic compositions of particles in
cold pool moist patches would be more significant, but I will leave a careful investigation of this for future
studies.

Finally, as shown in Figure 6, cold pool cores in the control run often display 5'°0,-enriched areas, a feature
that was attributed to the evaporation of partially melted graupel. This finding suggests that even obser-
vations of water vapor at the surface could reveal important details about microphysical processes hap-
pening in deep convective systems in the free troposphere. In turn, because not all microphysics schemes
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parameterize the same processes in the same way, this constitutes also an example of how measurements
of water vapor isotopes could be used to further constrain microphysics schemes used in numerical models.

While the results presented in this manuscript offer some insights on how downdrafts and cold pools affect
atmospheric water vapor isotopes, there are some caveats due to the methodology followed. In particular,
while single-moment microphysics schemes, such as the one used in this study, are computationally less ex-
pensive and relatively simpler than double-moment schemes, they do not perform as well as the latter (e.g.,
Igel et al., 2015). In terms of the main results of this work, a more sophisticated treatment of microphysical
processes could have a direct impact on rain evaporation and, therefore, how this process affects the isotopic
composition of downdrafts. However, this would not invalidate the conclusions of this study, but merely
point to their sensitivity to external variables, such as evaporation rate, relative humidity, SST, and wind
shear, just to cite few examples. An in-depth analysis of this sensitivity is the subject of ongoing work.

More generally, however, the fact that the results presented in this work were obtained only using numerical
models certainly constitutes a limitation. While, on the one hand, this is not an uncommon practice, a com-
parison with observational data is always desirable, particularly as the inclusion of water isotopologues in
numerical models is still relatively recent. The results discussed in this work will hopefully provide further
motivation to conduct more observations.

5. Conclusions

In recent years, water vapor isotopes have attracted considerable attention as a means to constrain atmos-
pheric processes that are particularly relevant in the climate system. In order to use this technique with
confidence, however, an in-depth understanding of the behavior of atmospheric water vapor isotopes is re-
quired. This study contributes to this effort with a combination of an isotope-enabled cloud resolving model
and a Lagrangian particle model, and by seeking a process-based understanding of water vapor isotopes in
cold pools, which are key components of deep convective systems.

The study began by investigating what controls the initial isotopic composition of cold pool water vapor,
and it was determined that rain evaporation and equilibration fractionation deplete the downdrafts that
generate cold pools in their initial stages, and enrich them in the boundary layer. Mixing tends to have a
mostly enriching effect on the downdrafts. The analysis then focused on the propagation of the cold pools
and results showed that surface latent heat fluxes enrich the vapor, especially in the first 30 min of the cold
pool life cycle, while mixing has a slightly depleting effect. Finally, results showed that, while water vapor
isotopes in moist patches could potentially be used to assess the sources of water vapor, the differences be-
tween air parcels with different sources might be too small to observe.

This work represents one of the first attempts at using a cloud resolving model and Lagrangian diagnostics
to study water vapor isotopes, and the results highlight the benefits that this approach offers. In particular,
the ability to explicitly resolve convection and the use of Lagrangian particles allowed a quantification of
the roles played by various processes on water vapor isotopes in cold pools. An extension of this analysis to
other features of convective systems, such as updrafts and downdrafts, along with a thorough investigation
of the sensitivities to external variables, are subject of ongoing work and will create a framework that will
further our process-based understanding of atmospheric water vapor isotopes.

Data Availability Statement
The data used for this work is available at https://doi.org/10.5281/zenodo.3837034.
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