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Abstract

Remote sensing datasets of water vapor isotopic composition are used along with objective measures of convective aggre-

gation to better understand the impact of convective aggregation on the atmospheric hydrologic cycle in the global tropics
($307{\circ}$N to $30"{\circ}$S) for the period 2015-2020. When convection is unaggregated, vertical velocity profiles are top-

heavy, mixing ratios increase and water vapor $\delta D$ decreases as the mean precipitation rate increases, consistent with

partial hydrometeor evaporation below anvils into a relatively humid atmospheric column. Aggregated convection is associated

with bottom-heavy vertical velocity profiles and a positive correlation between mixing ratio and $\delta D$, a result that is

consistent with isotopic enrichment from detrainment of shallow convection near the observation level. Intermediate degrees of

aggregation do not display significant variation in $\delta D$ with mixing ratio or precipitation rate. Convective aggregation

provides a useful paradigm for understanding the relationships between mixing ratio and isotopic composition across a range

of convective settings. The results presented here may have utility for a variety of applications including the interpretation of

paleoclimate archives and the evaluation of numerical simulations of convection.
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Key Points:

« Remote sensing datasets are used to study the impact of convective aggregation
on the atmospheric hydrologic cycle in the global tropics.

« Unaggregated convection is associated with top-heavy vertical velocity profiles,
increased mixing ratios, and decreased water vapor isotopic ratios.

» Aggregated convection is associated with bottom-heavy vertical velocity profiles

and a positive correlation between mixing ratio and water vapor isotopic ratios.
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Abstract

Remote sensing datasets of water vapor isotopic composition are used along with objec-
tive measures of convective aggregation to better understand the impact of convective
aggregation on the atmospheric hydrologic cycle in the global tropics (30°N to 30°S) for
the period 2015-2020. When convection is unaggregated, vertical velocity profiles are top-
heavy, mixing ratios increase and water vapor 6D decreases as the mean precipitation
rate increases, consistent with partial hydrometeor evaporation below anvils into a rel-
atively humid atmospheric column. Aggregated convection is associated with bottom-
heavy vertical velocity profiles and a positive correlation between mixing ratio and 6D,
a result that is consistent with isotopic enrichment from detrainment of shallow convec-
tion near the observation level. Intermediate degrees of aggregation do not display sig-
nificant variation in 6 D with mixing ratio or precipitation rate. Convective aggregation
provides a useful paradigm for understanding the relationships between mixing ratio and

isotopic composition across a range of convective settings. The results presented here may

have utility for a variety of applications including the interpretation of paleoclimate archives

and the evaluation of numerical simulations of convection.

Plain Language Summary

Convective clouds in the atmosphere can aggregate in a variety of ways, from in-
dividual cells to larger systems like tropical cyclones and squall lines. Some recent stud-
ies have examined how the aggregation of clouds affects water vapor, which can have an
impact on the Earth’s climate. In this study, we use remote sensing measurements of wa-
ter vapor isotopic composition along with objective measurements of cloud organization
to understand how the convective aggregation affects the water cycle in the tropics from
2015 to 2020. When clouds are not aggregated, there is more moisture in the atmosphere
and water vapor becomes more isotopically depleted with increasing rain rates, while ag-
gregated clouds are associated with less moisture and isotopic enrichment of water va-
por with increasing rain rates. These findings could be useful for understanding past cli-

mates and for evaluating computer simulations of clouds and climate.

1 Introduction

Convective clouds exhibit a wide range of organizational styles, from randomly scat-

tered convective cells to mesoscale convective systems and tropical cyclones (Holloway
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et al., 2017). Numerical modeling studies with increasingly high resolution have yielded
important insights into the processes that govern the organization or aggregation of con-
vective clouds (Held et al., 1993; Bretherton et al., 2005; Muller & Held, 2012), and have
shown that aggregation is favored by a combination of surface flux, moisture, and radia-
tive feedbacks (Wing et al., 2017). Several recent studies have explored how the insights
from modeling studies may be applied to understanding the influence of convective ag-
gregation on the climate of the tropics (Bony et al., 2020; Semie & Bony, 2020) and how
convective aggregation influences humidity (Wing et al., 2017; Tobin et al., 2012). In par-
ticular, unaggregated convection is often associated with a moister atmosphere, a large
extent of upper-tropospheric clouds, and a top-heavy ascent profile, while aggregated con-
vection is more commonly associated with a drier atmosphere, little upper-tropospheric
cloud cover, and a bottom-heavy ascent profile (Tsai & Mapes, 2022). Such variations

in humidity have impacts on outgoing longwave radiation, with important implications

for climate (Bony et al., 2020).

While modeling studies provide important clues about the influence of convective
aggregation on humidity, extending these insights to observations can be more challeng-
ing owing to the difficulty of diagnosing the range of processes that control humidity. The
stable isotopic composition of atmospheric water vapor is a sensitive recorder of phase
changes of water substance and mixing between different airmasses (Galewsky et al., 2016;
Noone, 2012; Craig, 1961). The isotopic composition of water vapor in an air parcel re-
flects its history of phase changes and mixing with other air parcels. Whenever there is
a phase change, heavier isotopologues preferentially remain in the condensed phase. The
evaporation of condensate can influence the stable isotopic composition of water vapor
through the partial evaporation of isotopically light water from hydrometeors (Risi et
al., 2021; Lawrence et al., 2004; Lee & Fung, 2008). Mixing between water vapor in dif-
ferent airmasses yields a resulting isotopic composition that is a humidity-weighted com-
bination of the different airmasses that are mixed (Galewsky & Hurley, 2010). Diluting
(mixing) a moist airmass with a much drier airmass has only a weak impact on the iso-
topic composition of the mixture (Risi et al., 2019). In such a case, the mixture will have
a lower overall mixing ratio but the isotopic composition of the water vapor will over-
whelmingly reflect the isotopic composition of the moister airmass owing to the much

greater water vapor abundance in the moist airmass. Stable isotopic measurements may
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thus provide a useful pathway for improved understanding of how convective aggrega-

tion influences humidity.

Lacour et al. (2018) explored the impact of the depth of convection and precipi-
tation intensity on the isotopic composition of mid-tropospheric water vapor. They showed
how shallow convection can isotopically enrich the middle troposphere through the con-
vective detrainment of boundary layer air; in contrast, deep convection can isotopically
deplete the middle troposphere through partial hydrometeor evaporation into relatively
humid air as the lighter isotopologues preferentially evaporate, and downdrafts of iso-
topically depleted water vapor. In the former case, latent heating is observed to peak
in the lower atmosphere, while latent heating peaks in the upper troposphere for deeper
convection. In general, the mixing ratio (q) is correlated with water vapor § values, mean-
ing that more humid air parcels tend to be more isotopically enriched. This positive cor-
relation can be attributed to mixing of isotopically-enriched boundary layer air into the
free troposphere by convection. In cases of top-heavy large-scale ascent, however, ¢ and
d are anti-correlated. Lacour et al. (2018) found that anti-correlated ¢—¢ pairs are as-
sociated with deep convection and hydrometeor evaporation from above, although they
also suggested that convective downdrafts could play a role in this anti-correlation. Torri
et al. (2017) showed that different structures of vertical velocities are associated with dif-
ferent isotopic abundances and that precipitation in the eastern part of the Pacific is more
enriched than in the western part, implying that velocity profiles in the East are more
bottom heavy than in the West Pacific. Similar results were found by Diekmann, Schnei-
der, Knippertz, et al. (2021), who found that different combinations of air mass mixing,
Rayleigh condensation during convection, and microphysical processes that deplete the
vapor determine the final isotopic composition in the Sahelian troposphere during the
monsoon. While these studies did not explicitly focus on convective aggregation, their
results, along with previous studies that have indicated systematic links between aggre-
gation and humidity, suggest that there should be a coherent link between convective
aggregation and the isotopic composition of water vapor. This is the hypothesis we test

here.

This study is facilitated by two key recent advances. First is our ability to quan-
titatively measure the state of convective aggregation from observations. A quantitative
metric for the degree of aggregation is essential for a thorough analysis, and several ap-

proaches have been developed in recent years. Tobin et al. (2012) developed a Simple
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Convective Aggregation Index (SCAI) based on the numbers of convective clusters within
a region along with the average distances between clusters. Tompkins and Semie (2017)
developed the I, index for use in numerical models, based on statistical comparisons
with a pure random process. This method was extended to observations by Semie and
Bony (2020) who used minima in infrared brightness temperatures to identify convec-
tive clusters. We use the I,,., metric in this study, although similar results are obtained
using SCAI or the number of convective clusters in a domain. The other key advance

is the global, multi-year MUSICA IASI dataset of paired HoO and §D (Diekmann, Schnei-
der, Ertl, et al., 2021). This dataset provides twice-daily global observations, giving us
an unprecedented window into the global isotopic composition of atmospheric water va-
por. In this study, we take advantage of these advances to disentangle the links between

convective aggregation, humidity, and the stable isotopic composition of water vapor.

2 Methods and Datasets

We report the isotopic composition of water vapor in permil (%), relative to Vi-
enna Standard Mean Ocean Water (VSMOW) using § notation (e.g. 6D = (R/Rysmow —
1) x 1000, where R is the D/H ratio). The principal dataset used in this study is the
global, multi-year MUSICA TASI H,O and §D dataset (Diekmann, Schneider, Ertl, et
al., 2021), which is based on radiance measurements from the nadir thermal infrared sen-
sor TASI on board the Metop satellites of EUMETSAT. The satellite ground pixel di-

ameter is 12 km (at nadir), with a full swath width of 2200 km We analyze the complete

dataset from 2015 through 2020 and follow the diagnostic critera recommended by Diekmann,

Schneider, Ertl, et al. (2021). We select only those data points with no or little contam-
ination from clouds, fair or good retrieval fit quality, good vertical sensitivity, and with
0D error less than 40%o for a total of over 42 million paired HoO and 6D retrievals from
the 30°S to 30°N latitude band. Except for very dry conditions, the errors are within
25%0. The focus of the dataset is on mid-tropospheric abundances of H20 and 0D, with
the main sensitivity limited to the 2-7 km range. We focus on retrievals centered at 710

hPa, which samples from 870 hPa to 500 hPa (Diekmann, Schneider, Ertl, et al., 2021).

In an idealized picture of condensation, water vapor in the atmosphere undergoes
Rayleigh distillation, during which water vapor in an ascending air parcel condenses and
fractionates such that heavier isotopologues of water preferentially move into the con-

densate, leaving the remaining vapor depleted in the heavier isotopologues. This pro-
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cess leads to a change in the isotopic composition of both the precipitation that forms
and the remaining water vapor as heavier isotopologues preferentially fractionate into

the condensed phase. As a result, Rayleigh distillation is a useful starting point for un-
derstanding how to use isotopic measurements to trace the movement of water through
the hydrologic cycle. As described in previous studies (Galewsky, 2018a, 2018b) the dif-
ference, in permil, between an isotopic measurement at a given mixing ratio and the 4-
value of the idealized Rayleigh distillation process to the same mixing ratio is a useful
metric that can be interpreted in terms of moistening and mixing processes. This quan-
tity will be referred to here as D,;. This metric is similar to the §D, used by Bailey et

al. (2017). A high, or more positive, value of D,; occurs when an isotopic value lies above
a Rayleigh curve and is interpreted as representing a small degree of moistening of a dry,
isotopically-depleted airmass by a moist, isotopically-enriched airmass (Galewsky & Hur-
ley, 2010), while low or negative of D, are interpreted as representing greater evapora-
tive moistening. This latter process is sometimes referred to as "super-Rayleigh” (Noone,
2012). For this study, we computed the relevant parameters for Rayleigh distillation from
averaged ERA reanalysis between 30°N and 30°S from the 2015-2020 period. The start-
ing isotopic composition was computed using the closure assumption of Merlivat and Jouzel
(1979). With an average SST over the tropical domain of 299.5 K, 2 meter air temper-
ature of 298.1K, 2m RH of 77.5%, we calculated a starting water vapor 6D of —72.6%

and a lifted condensation level of 940 hPa.

We characterize the spatial organization of convective clusters using the I,4 in-
dex of Tompkins and Semie (2017) and Semie and Bony (2020), which is computed us-
ing 3-hourly inter-calibrated infrared brightness temperature (73) from GridSat-B1 (Knapp
et al., 2011) between 30°N and 30°S every 1° in a moving 10°x10° box, for a total of
14,400 domains within the tropics. For each 3-hourly snapshot of T}, we identify deep
convective centroids as the points of local minima in the T} field. Once the convective
centroids are identified, the distances between nearest-neighbor (NN) centroids are cal-
culated. The I, index compares the cumulative density function of the calculated NN
distances (NNCDF) with that expected from a random distribution of the same num-
ber of convective centroids. For a random distribution associated with a Poisson pro-

cess, the cumulative density function (PNNCDF) is given by a Weibull function as:

PNNCDF =1 — exp(—Anr?) (1)
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where A is the number of convective centroids per unit area and r is the nearest-neighbor
distance. Values of I,,, that are larger than 0.5 correspond to a clustered distribution

of deep convective clouds, while I,., = 0.5 represents randomly distributed convection.
Further details on this method are provided in Tompkins and Semie (2017) and Semie
and Bony (2020). The 3-hourly I, data is interpolated in time and space to each MU-
SICA TASTI retrieval.

Precipitation data are derived from the GPM IMERG Final Precipitation L3 1 day
0.1° x 0.1° V06 (GPM —3IMERGDF) dataset (Huffman et al., 2019). Latent heat-
ing profiles are from the GPM DPR Spectral Latent Heating Profiles L.2 1.5 hours 5 km
V07 product (Team, 2022). Cloud-top pressure and high-cloud fraction data is from MODIS
(Platnick et al., 2003-02). These datasets are interpolated to the time and location of

the MUSICA IASI retrievals.

Relative humidity (RH) profiles are derived from the SAPHIR sounder on the Megha-
Tropiques satellite (Brogniez et al., 2016; Sivira et al., 2015). The satellite samples a given
point between 3 and 5 times daily, and here we use daily averages of the operational Level
2 RH product gridded at a 1°x1° resolution, in which we retain data with at least 95%
valid RH values within each gridbox. The SAPHIR RH data is useful as an independent
measure of humidity because the retrieval does not rely on a priori assumptions about

temperature profiles or integrated water vapor content.

3 Results
3.1 Global maps sorted by degree of aggregation only

We begin by investigating the global geographic relationships between I,,4, mix-
ing ratio, and §D. In Figures 1 and 2, we bin-average all of the 2015-2020 data into 1°x
1° domains. For Figs. 1A and 2A, we show the number of data points corresponding to
0.5 < Iprg < 0.65, and Iy > 0.8, respectively, while for Figures 1B-D we show aver-
age values of mixing ratio, D, and D, for all precipitation rates. In Fig. 2B-D, we show
the differences between the high I,,, and low I, fields. Unaggregated convection (I,.q <
0.65) most frequently occurs over the Maritime Continent, the western Pacific Ocean,
and the eastern Indian Ocean (Fig. 1A), with additional clusters over tropical Central
and South America and, to a lesser extent, over Central Africa. The 710 hPa mixing ra-

tios are generally higher (in excess of 7 g/kg) in regions of frequent unaggregated con-
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vection, especially over the Maritime Continent, South America, Africa, and South Asia
(Fig. 1B). Water vapor 6D (Fig. 1C) over these regions is generally around —200%o, with
a particularly striking exception over Africa, where D values are generally above —150%.
Sharply negative values of D, (Fig. 1D) are centered over the Maritime Continent, with
values reaching below —100%o. Other prominent lows in this field are located over South
America and in the tropical Pacific, reaching values near —80%¢. The negative values of
D,; and relatively high mixing ratios are consistent with evaporative moistening asso-

ciated with deep convection (Noone, 2012).

Highly-aggregated convection (1,4 > 0.8) occurs less frequently overall than un-
aggregated convection (Fig. 2A), but there are regions of higher occurrence in the trop-
ical Pacific and Atlantic Oceans, as well as the westernmost Indian Ocean, and, to a lesser
extent, in the North Pacific basin. Regions of aggregated convection are drier than re-
gions of unaggregated convection (Fig. 2B), with mixing ratios up to 3 g/kg lower, and
more isotopically enriched, wth §D values up to 40%o higher over the Maritime Conti-
nent, Africa, and South America. The D, fields are also higher everywhere for aggre-
gated convection (Fig. 2D), with the differences reaching over 40%o throughout the Trop-
ics. Along with the lower mixing ratios for aggregated convection, these D, values sug-
gest less evaporative moistening for aggregated convection than for unaggregated con-

vection.

Precipitation rates are spatially variable and differ widely for weakly aggregated
(Fig. 3A) and strongly aggregated (Fig. 3B) convection. Within the Intertropical Con-
vergence Zone and over the Maritime Continent, average rainfall exceeds 12 mm/day for
weakly aggregated convection, while precipitation rarely exceeds 4 mm/day for strongly
aggregated convection. In line with previous studies (Tobin et al., 2012; Lacour et al.,
2018), a fuller picture requires sorting the isotopic data by precipitation rate in order
to to distinguish the impact of convective organization from the impact of convective in-

tensity.

3.2 Sorting by degree of aggregation and precipitation rate

In Figure 4, we bin-average all of the MUSICA TASI isotopic and mixing ratio data
by I,.4 and precipitation rates. The 710 hPa mixing ratios generally decrease with in-

creasing I,,, and decreasing precipitation rate, from around 8 g/kg for unaggregated con-
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vection with high precipitation rates to below 4 g/kg for aggregated convection and low
precipitation rates. In general, the mixing ratios increase with increasing precipitation
rates, but aggregated convection is always associated with drier conditions than unag-
gregated convection, and the rate of moistening with precipitation rate is greater for low
values of I,.4. For 1,4 below 0.65, the water vapor D decreases with increasing pre-
cipitation rates from around —180% at the lowest precipitation rates to around —195%
at 20 mm/day. For I,,4 of around 0.75, 6 values remain roughly constant at —178%o, even
with increasing precipitation rates. At higher vaues of I,.4, the § values increase with
increasing precipitation rates, rising from —180%o to over —170%o at 20 mm/day. D,;

is shown Fig. 4C and decreases sharply with precipitation rate for /., below 0.6, from

—30%0 at the lowest precipitation rates to nearly —100%o at precipitation rates of 20 mm/day.

For higher values of I,,4, precipitation rates above around 2 mm/day do not significantly
affect D,;, but D,; rises from around —65%o for I, = 0.7 to around —25%o for Io,, >
0.95. These results are consistent with moistening and isotopic depletion of water va-
por for weakly aggregated convection and only modest moistening along with isotopic

enrichment for more highly-aggregated convection.

A common and convenient way to visualize the co-variability of mixing ratio and
isotopic composition is a ¢—¢ plot, and we show three such figures in Figure 5, corre-
sponding, respectively, to low, medium, and high values of I,.4. In all cases, the mix-
ing ratio increases with increasing precipitation rate (which is shown by the colored dots),
but the slope of the g—d relationship systematically varies with I,,4. As initially illus-
trated in Figure 4, we can more clearly see the negative correlation between ¢ and 6 D
for low values of I,.4 in panel A, how JD is nearly invariant with increasing mixing ra-
tio and precipitation rate for intermediate values of I,., in panel B, and the positive cor-
relation between ¢ and §D for high values of I, in panel C. These relationships illus-
trate how the paradigm of convective aggregation allows us to efficiently discriminate
positive and negative q-0D correlations that have been previously reported (Lacour et

al., 2018; Diekmann, Schneider, Knippertz, et al., 2021).

3.3 Processes governing I,.4-precipitation rate-6.D relationships

Now that we have established that there is indeed a systematic relationship between
convective aggregation and the isotopic composition of water vapor, we seek to under-

stand the suite of processes that govern these relationships. Figure 6 shows profiles of
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ERA vertical velocity (w, in panel A) and SAPHIR relative humidity (B) averaged by
I,rg. The strongest ascent is associated with I,.4, below 0.6 and is centered at around
350 hPa. The strongest subsidence is associated with the highest values of I, and is
also centered at around 350 hPa. In between these extremes is a transition from ascent
through most of the troposphere to subsidence through most of the troposphere. There
is a reasonably close association between the vertical velocities shown in panel (A) and
the RH shown in panel (B). The highest relative humidity, about 70% is found between
800 hPa and 900 hPa for I,,, below 0.6, with a relatively sharp transition to lower RH
at around 500 hPa. The lowest RH, below around 20% is associated with strong sub-
sidence above 400 hPa and I,,.4 above around 0.9. The deep layer of humid air at low
Iorg is consistent with the observed anti-correlation between moistening and isotopic com-
position. As shown by Lawrence et al. (2004) and Lee and Fung (2008), partial evap-
oration of condensate from deep convection in a relatively moist atmosphere can lead

to an isotopic depletion with increasing precipitation rates.

The impact of precipitation rate on the top-heaviness of the vertical velocity pro-
files as a function of I,,4 is shown in Figure 7. The difference in w between the 920 hPa
and 300 hPa levels sharply increases with precipitation rate for the lowest values of I,
representing an increase in top-heaviness with increasing precipitation rate, but this ef-
fect decreases with increasing values of I,,.4. Above I, of around 0.75, the profiles be-
come bottom-heavy, with increasing bottom-heaviness at higher values of I,,, regard-

less of precipitation rate.

The dependence of convective depth and intensity on I,.4 are further illustrated
in Figure 8. Figure 8A shows how the high cloud fraction decreases with increasing Ioyq
from over 0.8 for low I,.4 to 0.2 for high values of I,,4. Figure 8B shows that cloud top
pressure decreases sharply with decreasing I, and with increasing precipitation rates.
Cloud top pressure increases from 350 hPa for weakly aggregated, strongly precipitat-
ing convection to 750 hPa for strongly aggregated, weakly precipitating convection. Fi-
nally, Figure 8C shows the sharp decrease in the altitude of maximum latent heating with
increasing I,,q, ranging from nearly 6 km for unaggregated convection to below 3 km
for highly aggregated convection. From this data, it appears that the maximum in §D
seen in Fig. 4 occurs for aggregated convection (Iorg > 0.8) when the altitude of max-

imum latent heating rises above the IASI observation level of 710 hPa, suggesting that

—10—
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the maximum §D in this dataset may be related to outflow of convection near the level

of observation.

Figure 9 summarizes our interpretation of the relationships between aggregation
and isotopic composition presented above. Unaggregated convection (Iory < 0.6) is as-
sociated with large high-cloud fractions, strong ascent, and a high altitude of maximum
latent heating. Evaporation of hydrometeors below anvils acts to moisten the troposphere
throughout a deep level while reducing the water vapor 6D to values below a reference
Rayleigh distillation curve, yielding D,; values well below zero. At high values of I,,4
(above 0.8), water vapor D reaches its maximum at rain rates above 5-10 mm/day as
the altitude of maximum latent heating rises just above the main MUSICA TASI obser-
vation level of 710 hPa. We interpret this § D maximum as reflecting convective outflow
of isotopically-enriched water vapor. Water vapor D,; is less negative than for unaggre-
gated convection, rising to just above —20%o for I,., > 0.9 and low precipitation rates,
suggesting a reduced influence of condensate evaporation along with mixing with dry,

isotopically-depleted airmasses from aloft.

4 Discussion

Our results illustrate how convective aggregation exerts a significant impact on at-
mospheric water vapor. Water vapor associated with deep, unaggregated convection with
top-heavy vertical velocity profiles is isotopically depleted relative to shallow, aggregated
convection with bottom-heavy vertical velocity profiles at the same precipitation rate
and the same observational level, likely owing to a greater degree of condensate evap-
oration in the unaggregated case. Because the volume of cloud-free air is typically much
larger than the volume of cloudy air, satellites are mostly sampling cloud-free air and
our results here are of course limited to those clear-sky settings in which satellite retrievals
are possible. A valuable complement to the present study, which is focused exclusively
on water vapor, would be to extend this analysis to precipitation data. Such a study would
provide valuable insight into how these processes govern not just the environmental wa-
ter vapor, but the full suite of condensation and precipitation processes in convection

under a variety of aggregated conditions.

Several studies have found that organized convection in the form of squall lines (Risi

et al., 2008; Tremoy et al., 2014), tropical cyclones (Lawrence et al., 2004; Chakraborty
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et al., 2016; Xu et al., 2019) and mesoscale convective systems (Kurita, 2013) is asso-
ciated with more depleted water vapor, results that appear to be at odds with the present
study. This discrepancy is likely at least partially related to the complicated relation-
ships between convective aggregation with vertical velocity profiles. As was shown here
and by Tsai and Mapes (2022) and Tobin et al. (2012), unaggregated convection is, on
average, associated with more top-heavy vertical velocity profiles than aggregated con-
vection, but those averages hide the variability in the relationships between aggregation
and vertical velocity. For example, several studies have shown that the vertical veloc-

ity profiles of tropical cyclones can be top-heavy (Nelson et al., 2019; Black et al., 1996),
even though convection is highly aggregated. Similarly, vertical velocity profiles for squall
lines and mesoscale convective systems can also be top-heavy, although there is wide vari-
ability (Garstang et al., 1994; Houze, 1989). Disentangling the links between aggrega-
tion and vertical velocity profiles thus remains an important priority for future research,

and the isotopic composition of water vapor may be a valuable tool for such studies.

Our study raises some interesting questions on how convective aggregation may leave
an isotopic signal in paleoclimate archives (Holloway et al., 2017). Several paleoclimate
records have been interpreted as indicating the past frequency of organized convective
systems (Medina-Elizalde & Rohling, 2012; Baldini et al., 2016; Maupin et al., 2021; Frap-
pier et al., 2007) and in deep-time applications to snowball Earth (Abbot, 2014). The
isotopic variations observed in the present study span about 25%0 between unaggregated
and aggregated convection. While additional research is needed to exploit our results for
paleoclimate applications, this range could plausibly be recorded in suitable proxy records.
Furthermore, many paleoclimate studies interpret isotopic records in terms of the iso-
tope amount effect, linking lower § values to increased precipitation rates in the trop-
ics (Lachniet, 2009), but our results here suggest that changes in convective aggregation

could potentially confound such interpretations.

The results of this study may provide observational constraints for modeling stud-
ies, with relevance to the issues raised above. Our results from low I,,., settings are con-
sistent with the modeling study of Risi et al. (2021), who used large eddy simulations
and a two-column model to show how water vapor §D values decrease with precipita-
tion rate in unaggregated convection. They showed a close connection between the higher
humidity in unaggregated convection and the mechanism for isotopically depleting the

atmosphere. When the relative humidity is high in regions of ascent, there is less snow
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sublimation and a smaller fraction of rain evaporation, with both effects leading to more
depleted water vapor. In regions of large scale descent, entrainment of dry air into clouds
reduces the vertical isotopic gradient and limits the depletion of tropospheric water va-

por. Risi et al. (2021) did not compute D,., but the increasingly negative values of this

parameter with precipitation rate for I,., < 0.6 would seem to support their conclusions.Risi

et al. (2021) focused on unaggregated convection, but we found little change in D,; with
increasing precipitation rates for I,,, > 0.8, which is consistent with their results for
conditions of large-scale subsidence. Systematic, isotope-enabled modeling studies that
sweep through a range of aggregation states could prove particularly fruitful for better

understanding how convective aggregation impacts Earth’s climate.

5 Conclusions

The goal of this study was to use remote sensing datasets of water vapor isotopic
composition along with objective measures of convective aggregation to better under-
stand the impact of convective aggregation on atmospheric water vapor. We found that
unaggregated convection, with I,., below 0.6, is associated with a top-heavy vertical ve-
locity profile and an anticorrelation between mixing ratio and water vapor D with in-
creasing convective intensity, consistent with partial hydrometeor evaporation. For I,,,
close to 0.5, water vapor 6D values reach a minimum of around —195%. at a mixing ra-
tio of 8 g/kg and a precipitation rate of 20 mm/day. Highly aggregated convection (Iorg
above 0.8) is associated with a bottom-heavy vertical velocity profile and positive cor-
relation between mixing ratio and 6D, a result that is consistent with isotopic enrich-
ment from detrainment of shallow convection near the observation level and with mix-
ing of dry air from aloft. For I,., above 0.9, §D reaches a value of over —170%o at a mix-
ing ratio of 5 g/kg and a precipitation rate of 15 mm/day. Intermediate degrees of ag-
gregation (I,,, between 0.7 and 0.8) do not display significant variation in §D with mix-
ing ratio or convective intensity, with 0D remaining at around —178%o regardless of pre-
cipitation rate. The results presented here provide a useful framework for better eval-
uating the links between convective aggregation and water vapor isotopic composition
for a range of applications including the interpretation of paleoclimate archives and the

evaluation of numerical simulations of convection.
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B.: MUSICA TASI water isotopologue pair product (a posteriori processing version 2),
Institute of Meteorology and Climate Research, Atmospheric Trace Gases and Remote
Sensing (IMK-ASF), Karlsruhe Institute of Technology (KIT) [data set], https://doi.org/10.35097 /415,
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MUSICA TAST full retrieval product (includes among others vertically resolved H20
profiles): Schneider, M., Ertl, B., and Diekmann, C.: MUSICA TASI full retrieval prod-
uct standard output (processing version 3.2.1), Karlsruhe Institute of Technology (KIT)

[data set], https://doi.org/10.35097 /408, 2021.
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Figure 1. Maps for low oy (between 0.5 and 0.65) from 2015-2020 for all precipitation rates.

Data are averaged into 1x1 degree bins. (A) the count of data points in each bin; (B) mixing

ratio from IASI; (C) water vapor dD; (D) deviation from Rayleigh distillation
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Figure 2.  A: Asin Figure 1 for high lqg (greater than 0.8). B-D: di erences between high

lorg and the low lorg elds in Figure 1.
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Key Points:

« Remote sensing datasets are used to study the impact of convective aggregation
on the atmospheric hydrologic cycle in the global tropics.

« Unaggregated convection is associated with top-heavy vertical velocity profiles,
increased mixing ratios, and decreased water vapor isotopic ratios.

» Aggregated convection is associated with bottom-heavy vertical velocity profiles

and a positive correlation between mixing ratio and water vapor isotopic ratios.
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Abstract

Remote sensing datasets of water vapor isotopic composition are used along with objec-
tive measures of convective aggregation to better understand the impact of convective
aggregation on the atmospheric hydrologic cycle in the global tropics (30°N to 30°S) for
the period 2015-2020. When convection is unaggregated, vertical velocity profiles are top-
heavy, mixing ratios increase and water vapor 6D decreases as the mean precipitation
rate increases, consistent with partial hydrometeor evaporation below anvils into a rel-
atively humid atmospheric column. Aggregated convection is associated with bottom-
heavy vertical velocity profiles and a positive correlation between mixing ratio and 6D,
a result that is consistent with isotopic enrichment from detrainment of shallow convec-
tion near the observation level. Intermediate degrees of aggregation do not display sig-
nificant variation in 6 D with mixing ratio or precipitation rate. Convective aggregation
provides a useful paradigm for understanding the relationships between mixing ratio and

isotopic composition across a range of convective settings. The results presented here may

have utility for a variety of applications including the interpretation of paleoclimate archives

and the evaluation of numerical simulations of convection.

Plain Language Summary

Convective clouds in the atmosphere can aggregate in a variety of ways, from in-
dividual cells to larger systems like tropical cyclones and squall lines. Some recent stud-
ies have examined how the aggregation of clouds affects water vapor, which can have an
impact on the Earth’s climate. In this study, we use remote sensing measurements of wa-
ter vapor isotopic composition along with objective measurements of cloud organization
to understand how the convective aggregation affects the water cycle in the tropics from
2015 to 2020. When clouds are not aggregated, there is more moisture in the atmosphere
and water vapor becomes more isotopically depleted with increasing rain rates, while ag-
gregated clouds are associated with less moisture and isotopic enrichment of water va-
por with increasing rain rates. These findings could be useful for understanding past cli-

mates and for evaluating computer simulations of clouds and climate.

1 Introduction

Convective clouds exhibit a wide range of organizational styles, from randomly scat-

tered convective cells to mesoscale convective systems and tropical cyclones (Holloway
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et al., 2017). Numerical modeling studies with increasingly high resolution have yielded
important insights into the processes that govern the organization or aggregation of con-
vective clouds (Held et al., 1993; Bretherton et al., 2005; Muller & Held, 2012), and have
shown that aggregation is favored by a combination of surface flux, moisture, and radia-
tive feedbacks (Wing et al., 2017). Several recent studies have explored how the insights
from modeling studies may be applied to understanding the influence of convective ag-
gregation on the climate of the tropics (Bony et al., 2020; Semie & Bony, 2020) and how
convective aggregation influences humidity (Wing et al., 2017; Tobin et al., 2012). In par-
ticular, unaggregated convection is often associated with a moister atmosphere, a large
extent of upper-tropospheric clouds, and a top-heavy ascent profile, while aggregated con-
vection is more commonly associated with a drier atmosphere, little upper-tropospheric
cloud cover, and a bottom-heavy ascent profile (Tsai & Mapes, 2022). Such variations

in humidity have impacts on outgoing longwave radiation, with important implications

for climate (Bony et al., 2020).

While modeling studies provide important clues about the influence of convective
aggregation on humidity, extending these insights to observations can be more challeng-
ing owing to the difficulty of diagnosing the range of processes that control humidity. The
stable isotopic composition of atmospheric water vapor is a sensitive recorder of phase
changes of water substance and mixing between different airmasses (Galewsky et al., 2016;
Noone, 2012; Craig, 1961). The isotopic composition of water vapor in an air parcel re-
flects its history of phase changes and mixing with other air parcels. Whenever there is
a phase change, heavier isotopologues preferentially remain in the condensed phase. The
evaporation of condensate can influence the stable isotopic composition of water vapor
through the partial evaporation of isotopically light water from hydrometeors (Risi et
al., 2021; Lawrence et al., 2004; Lee & Fung, 2008). Mixing between water vapor in dif-
ferent airmasses yields a resulting isotopic composition that is a humidity-weighted com-
bination of the different airmasses that are mixed (Galewsky & Hurley, 2010). Diluting
(mixing) a moist airmass with a much drier airmass has only a weak impact on the iso-
topic composition of the mixture (Risi et al., 2019). In such a case, the mixture will have
a lower overall mixing ratio but the isotopic composition of the water vapor will over-
whelmingly reflect the isotopic composition of the moister airmass owing to the much

greater water vapor abundance in the moist airmass. Stable isotopic measurements may
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thus provide a useful pathway for improved understanding of how convective aggrega-

tion influences humidity.

Lacour et al. (2018) explored the impact of the depth of convection and precipi-
tation intensity on the isotopic composition of mid-tropospheric water vapor. They showed
how shallow convection can isotopically enrich the middle troposphere through the con-
vective detrainment of boundary layer air; in contrast, deep convection can isotopically
deplete the middle troposphere through partial hydrometeor evaporation into relatively
humid air as the lighter isotopologues preferentially evaporate, and downdrafts of iso-
topically depleted water vapor. In the former case, latent heating is observed to peak
in the lower atmosphere, while latent heating peaks in the upper troposphere for deeper
convection. In general, the mixing ratio (q) is correlated with water vapor § values, mean-
ing that more humid air parcels tend to be more isotopically enriched. This positive cor-
relation can be attributed to mixing of isotopically-enriched boundary layer air into the
free troposphere by convection. In cases of top-heavy large-scale ascent, however, ¢ and
d are anti-correlated. Lacour et al. (2018) found that anti-correlated ¢—¢ pairs are as-
sociated with deep convection and hydrometeor evaporation from above, although they
also suggested that convective downdrafts could play a role in this anti-correlation. Torri
et al. (2017) showed that different structures of vertical velocities are associated with dif-
ferent isotopic abundances and that precipitation in the eastern part of the Pacific is more
enriched than in the western part, implying that velocity profiles in the East are more
bottom heavy than in the West Pacific. Similar results were found by Diekmann, Schnei-
der, Knippertz, et al. (2021), who found that different combinations of air mass mixing,
Rayleigh condensation during convection, and microphysical processes that deplete the
vapor determine the final isotopic composition in the Sahelian troposphere during the
monsoon. While these studies did not explicitly focus on convective aggregation, their
results, along with previous studies that have indicated systematic links between aggre-
gation and humidity, suggest that there should be a coherent link between convective
aggregation and the isotopic composition of water vapor. This is the hypothesis we test

here.

This study is facilitated by two key recent advances. First is our ability to quan-
titatively measure the state of convective aggregation from observations. A quantitative
metric for the degree of aggregation is essential for a thorough analysis, and several ap-

proaches have been developed in recent years. Tobin et al. (2012) developed a Simple
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Convective Aggregation Index (SCAI) based on the numbers of convective clusters within
a region along with the average distances between clusters. Tompkins and Semie (2017)
developed the I, index for use in numerical models, based on statistical comparisons
with a pure random process. This method was extended to observations by Semie and
Bony (2020) who used minima in infrared brightness temperatures to identify convec-
tive clusters. We use the I,,., metric in this study, although similar results are obtained
using SCAI or the number of convective clusters in a domain. The other key advance

is the global, multi-year MUSICA IASI dataset of paired HoO and §D (Diekmann, Schnei-
der, Ertl, et al., 2021). This dataset provides twice-daily global observations, giving us
an unprecedented window into the global isotopic composition of atmospheric water va-
por. In this study, we take advantage of these advances to disentangle the links between

convective aggregation, humidity, and the stable isotopic composition of water vapor.

2 Methods and Datasets

We report the isotopic composition of water vapor in permil (%), relative to Vi-
enna Standard Mean Ocean Water (VSMOW) using § notation (e.g. 6D = (R/Rysmow —
1) x 1000, where R is the D/H ratio). The principal dataset used in this study is the
global, multi-year MUSICA TASI H,O and §D dataset (Diekmann, Schneider, Ertl, et
al., 2021), which is based on radiance measurements from the nadir thermal infrared sen-
sor TASI on board the Metop satellites of EUMETSAT. The satellite ground pixel di-

ameter is 12 km (at nadir), with a full swath width of 2200 km We analyze the complete

dataset from 2015 through 2020 and follow the diagnostic critera recommended by Diekmann,

Schneider, Ertl, et al. (2021). We select only those data points with no or little contam-
ination from clouds, fair or good retrieval fit quality, good vertical sensitivity, and with
0D error less than 40%o for a total of over 42 million paired HoO and 6D retrievals from
the 30°S to 30°N latitude band. Except for very dry conditions, the errors are within
25%0. The focus of the dataset is on mid-tropospheric abundances of H20 and 0D, with
the main sensitivity limited to the 2-7 km range. We focus on retrievals centered at 710

hPa, which samples from 870 hPa to 500 hPa (Diekmann, Schneider, Ertl, et al., 2021).

In an idealized picture of condensation, water vapor in the atmosphere undergoes
Rayleigh distillation, during which water vapor in an ascending air parcel condenses and
fractionates such that heavier isotopologues of water preferentially move into the con-

densate, leaving the remaining vapor depleted in the heavier isotopologues. This pro-
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cess leads to a change in the isotopic composition of both the precipitation that forms
and the remaining water vapor as heavier isotopologues preferentially fractionate into

the condensed phase. As a result, Rayleigh distillation is a useful starting point for un-
derstanding how to use isotopic measurements to trace the movement of water through
the hydrologic cycle. As described in previous studies (Galewsky, 2018a, 2018b) the dif-
ference, in permil, between an isotopic measurement at a given mixing ratio and the 4-
value of the idealized Rayleigh distillation process to the same mixing ratio is a useful
metric that can be interpreted in terms of moistening and mixing processes. This quan-
tity will be referred to here as D,;. This metric is similar to the §D, used by Bailey et

al. (2017). A high, or more positive, value of D,; occurs when an isotopic value lies above
a Rayleigh curve and is interpreted as representing a small degree of moistening of a dry,
isotopically-depleted airmass by a moist, isotopically-enriched airmass (Galewsky & Hur-
ley, 2010), while low or negative of D, are interpreted as representing greater evapora-
tive moistening. This latter process is sometimes referred to as "super-Rayleigh” (Noone,
2012). For this study, we computed the relevant parameters for Rayleigh distillation from
averaged ERA reanalysis between 30°N and 30°S from the 2015-2020 period. The start-
ing isotopic composition was computed using the closure assumption of Merlivat and Jouzel
(1979). With an average SST over the tropical domain of 299.5 K, 2 meter air temper-
ature of 298.1K, 2m RH of 77.5%, we calculated a starting water vapor 6D of —72.6%

and a lifted condensation level of 940 hPa.

We characterize the spatial organization of convective clusters using the I,4 in-
dex of Tompkins and Semie (2017) and Semie and Bony (2020), which is computed us-
ing 3-hourly inter-calibrated infrared brightness temperature (73) from GridSat-B1 (Knapp
et al., 2011) between 30°N and 30°S every 1° in a moving 10°x10° box, for a total of
14,400 domains within the tropics. For each 3-hourly snapshot of T}, we identify deep
convective centroids as the points of local minima in the T} field. Once the convective
centroids are identified, the distances between nearest-neighbor (NN) centroids are cal-
culated. The I, index compares the cumulative density function of the calculated NN
distances (NNCDF) with that expected from a random distribution of the same num-
ber of convective centroids. For a random distribution associated with a Poisson pro-

cess, the cumulative density function (PNNCDF) is given by a Weibull function as:

PNNCDF =1 — exp(—Anr?) (1)
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where A is the number of convective centroids per unit area and r is the nearest-neighbor
distance. Values of I,,, that are larger than 0.5 correspond to a clustered distribution

of deep convective clouds, while I,., = 0.5 represents randomly distributed convection.
Further details on this method are provided in Tompkins and Semie (2017) and Semie
and Bony (2020). The 3-hourly I, data is interpolated in time and space to each MU-
SICA TASTI retrieval.

Precipitation data are derived from the GPM IMERG Final Precipitation L3 1 day
0.1° x 0.1° V06 (GPM —3IMERGDF) dataset (Huffman et al., 2019). Latent heat-
ing profiles are from the GPM DPR Spectral Latent Heating Profiles L.2 1.5 hours 5 km
V07 product (Team, 2022). Cloud-top pressure and high-cloud fraction data is from MODIS
(Platnick et al., 2003-02). These datasets are interpolated to the time and location of

the MUSICA IASI retrievals.

Relative humidity (RH) profiles are derived from the SAPHIR sounder on the Megha-
Tropiques satellite (Brogniez et al., 2016; Sivira et al., 2015). The satellite samples a given
point between 3 and 5 times daily, and here we use daily averages of the operational Level
2 RH product gridded at a 1°x1° resolution, in which we retain data with at least 95%
valid RH values within each gridbox. The SAPHIR RH data is useful as an independent
measure of humidity because the retrieval does not rely on a priori assumptions about

temperature profiles or integrated water vapor content.

3 Results
3.1 Global maps sorted by degree of aggregation only

We begin by investigating the global geographic relationships between I,,4, mix-
ing ratio, and §D. In Figures 1 and 2, we bin-average all of the 2015-2020 data into 1°x
1° domains. For Figs. 1A and 2A, we show the number of data points corresponding to
0.5 < Iprg < 0.65, and Iy > 0.8, respectively, while for Figures 1B-D we show aver-
age values of mixing ratio, D, and D, for all precipitation rates. In Fig. 2B-D, we show
the differences between the high I,,, and low I, fields. Unaggregated convection (I,.q <
0.65) most frequently occurs over the Maritime Continent, the western Pacific Ocean,
and the eastern Indian Ocean (Fig. 1A), with additional clusters over tropical Central
and South America and, to a lesser extent, over Central Africa. The 710 hPa mixing ra-

tios are generally higher (in excess of 7 g/kg) in regions of frequent unaggregated con-
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vection, especially over the Maritime Continent, South America, Africa, and South Asia
(Fig. 1B). Water vapor 6D (Fig. 1C) over these regions is generally around —200%o, with
a particularly striking exception over Africa, where D values are generally above —150%.
Sharply negative values of D, (Fig. 1D) are centered over the Maritime Continent, with
values reaching below —100%o. Other prominent lows in this field are located over South
America and in the tropical Pacific, reaching values near —80%¢. The negative values of
D,; and relatively high mixing ratios are consistent with evaporative moistening asso-

ciated with deep convection (Noone, 2012).

Highly-aggregated convection (1,4 > 0.8) occurs less frequently overall than un-
aggregated convection (Fig. 2A), but there are regions of higher occurrence in the trop-
ical Pacific and Atlantic Oceans, as well as the westernmost Indian Ocean, and, to a lesser
extent, in the North Pacific basin. Regions of aggregated convection are drier than re-
gions of unaggregated convection (Fig. 2B), with mixing ratios up to 3 g/kg lower, and
more isotopically enriched, wth §D values up to 40%o higher over the Maritime Conti-
nent, Africa, and South America. The D, fields are also higher everywhere for aggre-
gated convection (Fig. 2D), with the differences reaching over 40%o throughout the Trop-
ics. Along with the lower mixing ratios for aggregated convection, these D, values sug-
gest less evaporative moistening for aggregated convection than for unaggregated con-

vection.

Precipitation rates are spatially variable and differ widely for weakly aggregated
(Fig. 3A) and strongly aggregated (Fig. 3B) convection. Within the Intertropical Con-
vergence Zone and over the Maritime Continent, average rainfall exceeds 12 mm/day for
weakly aggregated convection, while precipitation rarely exceeds 4 mm/day for strongly
aggregated convection. In line with previous studies (Tobin et al., 2012; Lacour et al.,
2018), a fuller picture requires sorting the isotopic data by precipitation rate in order
to to distinguish the impact of convective organization from the impact of convective in-

tensity.

3.2 Sorting by degree of aggregation and precipitation rate

In Figure 4, we bin-average all of the MUSICA TASI isotopic and mixing ratio data
by I,.4 and precipitation rates. The 710 hPa mixing ratios generally decrease with in-

creasing I,,, and decreasing precipitation rate, from around 8 g/kg for unaggregated con-



244

245

246

247

248

249

250

251

252

253

254

255

256

257

258

259

260

261

262

263

264

265

266

267

268

269

270

271

272

273

274

275

vection with high precipitation rates to below 4 g/kg for aggregated convection and low
precipitation rates. In general, the mixing ratios increase with increasing precipitation
rates, but aggregated convection is always associated with drier conditions than unag-
gregated convection, and the rate of moistening with precipitation rate is greater for low
values of I,.4. For 1,4 below 0.65, the water vapor D decreases with increasing pre-
cipitation rates from around —180% at the lowest precipitation rates to around —195%
at 20 mm/day. For I,,4 of around 0.75, 6 values remain roughly constant at —178%o, even
with increasing precipitation rates. At higher vaues of I,.4, the § values increase with
increasing precipitation rates, rising from —180%o to over —170%o at 20 mm/day. D,;

is shown Fig. 4C and decreases sharply with precipitation rate for /., below 0.6, from

—30%0 at the lowest precipitation rates to nearly —100%o at precipitation rates of 20 mm/day.

For higher values of I,,4, precipitation rates above around 2 mm/day do not significantly
affect D,;, but D,; rises from around —65%o for I, = 0.7 to around —25%o for Io,, >
0.95. These results are consistent with moistening and isotopic depletion of water va-
por for weakly aggregated convection and only modest moistening along with isotopic

enrichment for more highly-aggregated convection.

A common and convenient way to visualize the co-variability of mixing ratio and
isotopic composition is a ¢—¢ plot, and we show three such figures in Figure 5, corre-
sponding, respectively, to low, medium, and high values of I,.4. In all cases, the mix-
ing ratio increases with increasing precipitation rate (which is shown by the colored dots),
but the slope of the g—d relationship systematically varies with I,,4. As initially illus-
trated in Figure 4, we can more clearly see the negative correlation between ¢ and 6 D
for low values of I,.4 in panel A, how JD is nearly invariant with increasing mixing ra-
tio and precipitation rate for intermediate values of I,., in panel B, and the positive cor-
relation between ¢ and §D for high values of I, in panel C. These relationships illus-
trate how the paradigm of convective aggregation allows us to efficiently discriminate
positive and negative q-0D correlations that have been previously reported (Lacour et

al., 2018; Diekmann, Schneider, Knippertz, et al., 2021).

3.3 Processes governing I,.4-precipitation rate-6.D relationships

Now that we have established that there is indeed a systematic relationship between
convective aggregation and the isotopic composition of water vapor, we seek to under-

stand the suite of processes that govern these relationships. Figure 6 shows profiles of
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ERA vertical velocity (w, in panel A) and SAPHIR relative humidity (B) averaged by
I,rg. The strongest ascent is associated with I,.4, below 0.6 and is centered at around
350 hPa. The strongest subsidence is associated with the highest values of I, and is
also centered at around 350 hPa. In between these extremes is a transition from ascent
through most of the troposphere to subsidence through most of the troposphere. There
is a reasonably close association between the vertical velocities shown in panel (A) and
the RH shown in panel (B). The highest relative humidity, about 70% is found between
800 hPa and 900 hPa for I,,, below 0.6, with a relatively sharp transition to lower RH
at around 500 hPa. The lowest RH, below around 20% is associated with strong sub-
sidence above 400 hPa and I,,.4 above around 0.9. The deep layer of humid air at low
Iorg is consistent with the observed anti-correlation between moistening and isotopic com-
position. As shown by Lawrence et al. (2004) and Lee and Fung (2008), partial evap-
oration of condensate from deep convection in a relatively moist atmosphere can lead

to an isotopic depletion with increasing precipitation rates.

The impact of precipitation rate on the top-heaviness of the vertical velocity pro-
files as a function of I,,4 is shown in Figure 7. The difference in w between the 920 hPa
and 300 hPa levels sharply increases with precipitation rate for the lowest values of I,
representing an increase in top-heaviness with increasing precipitation rate, but this ef-
fect decreases with increasing values of I,,.4. Above I, of around 0.75, the profiles be-
come bottom-heavy, with increasing bottom-heaviness at higher values of I,,, regard-

less of precipitation rate.

The dependence of convective depth and intensity on I,.4 are further illustrated
in Figure 8. Figure 8A shows how the high cloud fraction decreases with increasing Ioyq
from over 0.8 for low I,.4 to 0.2 for high values of I,,4. Figure 8B shows that cloud top
pressure decreases sharply with decreasing I, and with increasing precipitation rates.
Cloud top pressure increases from 350 hPa for weakly aggregated, strongly precipitat-
ing convection to 750 hPa for strongly aggregated, weakly precipitating convection. Fi-
nally, Figure 8C shows the sharp decrease in the altitude of maximum latent heating with
increasing I,,q, ranging from nearly 6 km for unaggregated convection to below 3 km
for highly aggregated convection. From this data, it appears that the maximum in §D
seen in Fig. 4 occurs for aggregated convection (Iorg > 0.8) when the altitude of max-

imum latent heating rises above the IASI observation level of 710 hPa, suggesting that
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the maximum §D in this dataset may be related to outflow of convection near the level

of observation.

Figure 9 summarizes our interpretation of the relationships between aggregation
and isotopic composition presented above. Unaggregated convection (Iory < 0.6) is as-
sociated with large high-cloud fractions, strong ascent, and a high altitude of maximum
latent heating. Evaporation of hydrometeors below anvils acts to moisten the troposphere
throughout a deep level while reducing the water vapor 6D to values below a reference
Rayleigh distillation curve, yielding D,; values well below zero. At high values of I,,4
(above 0.8), water vapor D reaches its maximum at rain rates above 5-10 mm/day as
the altitude of maximum latent heating rises just above the main MUSICA TASI obser-
vation level of 710 hPa. We interpret this § D maximum as reflecting convective outflow
of isotopically-enriched water vapor. Water vapor D,; is less negative than for unaggre-
gated convection, rising to just above —20%o for I,., > 0.9 and low precipitation rates,
suggesting a reduced influence of condensate evaporation along with mixing with dry,

isotopically-depleted airmasses from aloft.

4 Discussion

Our results illustrate how convective aggregation exerts a significant impact on at-
mospheric water vapor. Water vapor associated with deep, unaggregated convection with
top-heavy vertical velocity profiles is isotopically depleted relative to shallow, aggregated
convection with bottom-heavy vertical velocity profiles at the same precipitation rate
and the same observational level, likely owing to a greater degree of condensate evap-
oration in the unaggregated case. Because the volume of cloud-free air is typically much
larger than the volume of cloudy air, satellites are mostly sampling cloud-free air and
our results here are of course limited to those clear-sky settings in which satellite retrievals
are possible. A valuable complement to the present study, which is focused exclusively
on water vapor, would be to extend this analysis to precipitation data. Such a study would
provide valuable insight into how these processes govern not just the environmental wa-
ter vapor, but the full suite of condensation and precipitation processes in convection

under a variety of aggregated conditions.

Several studies have found that organized convection in the form of squall lines (Risi

et al., 2008; Tremoy et al., 2014), tropical cyclones (Lawrence et al., 2004; Chakraborty
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et al., 2016; Xu et al., 2019) and mesoscale convective systems (Kurita, 2013) is asso-
ciated with more depleted water vapor, results that appear to be at odds with the present
study. This discrepancy is likely at least partially related to the complicated relation-
ships between convective aggregation with vertical velocity profiles. As was shown here
and by Tsai and Mapes (2022) and Tobin et al. (2012), unaggregated convection is, on
average, associated with more top-heavy vertical velocity profiles than aggregated con-
vection, but those averages hide the variability in the relationships between aggregation
and vertical velocity. For example, several studies have shown that the vertical veloc-

ity profiles of tropical cyclones can be top-heavy (Nelson et al., 2019; Black et al., 1996),
even though convection is highly aggregated. Similarly, vertical velocity profiles for squall
lines and mesoscale convective systems can also be top-heavy, although there is wide vari-
ability (Garstang et al., 1994; Houze, 1989). Disentangling the links between aggrega-
tion and vertical velocity profiles thus remains an important priority for future research,

and the isotopic composition of water vapor may be a valuable tool for such studies.

Our study raises some interesting questions on how convective aggregation may leave
an isotopic signal in paleoclimate archives (Holloway et al., 2017). Several paleoclimate
records have been interpreted as indicating the past frequency of organized convective
systems (Medina-Elizalde & Rohling, 2012; Baldini et al., 2016; Maupin et al., 2021; Frap-
pier et al., 2007) and in deep-time applications to snowball Earth (Abbot, 2014). The
isotopic variations observed in the present study span about 25%0 between unaggregated
and aggregated convection. While additional research is needed to exploit our results for
paleoclimate applications, this range could plausibly be recorded in suitable proxy records.
Furthermore, many paleoclimate studies interpret isotopic records in terms of the iso-
tope amount effect, linking lower § values to increased precipitation rates in the trop-
ics (Lachniet, 2009), but our results here suggest that changes in convective aggregation

could potentially confound such interpretations.

The results of this study may provide observational constraints for modeling stud-
ies, with relevance to the issues raised above. Our results from low I,,., settings are con-
sistent with the modeling study of Risi et al. (2021), who used large eddy simulations
and a two-column model to show how water vapor §D values decrease with precipita-
tion rate in unaggregated convection. They showed a close connection between the higher
humidity in unaggregated convection and the mechanism for isotopically depleting the

atmosphere. When the relative humidity is high in regions of ascent, there is less snow
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sublimation and a smaller fraction of rain evaporation, with both effects leading to more
depleted water vapor. In regions of large scale descent, entrainment of dry air into clouds
reduces the vertical isotopic gradient and limits the depletion of tropospheric water va-

por. Risi et al. (2021) did not compute D,., but the increasingly negative values of this

parameter with precipitation rate for I,., < 0.6 would seem to support their conclusions.Risi

et al. (2021) focused on unaggregated convection, but we found little change in D,; with
increasing precipitation rates for I,,, > 0.8, which is consistent with their results for
conditions of large-scale subsidence. Systematic, isotope-enabled modeling studies that
sweep through a range of aggregation states could prove particularly fruitful for better

understanding how convective aggregation impacts Earth’s climate.

5 Conclusions

The goal of this study was to use remote sensing datasets of water vapor isotopic
composition along with objective measures of convective aggregation to better under-
stand the impact of convective aggregation on atmospheric water vapor. We found that
unaggregated convection, with I,., below 0.6, is associated with a top-heavy vertical ve-
locity profile and an anticorrelation between mixing ratio and water vapor D with in-
creasing convective intensity, consistent with partial hydrometeor evaporation. For I,,,
close to 0.5, water vapor 6D values reach a minimum of around —195%. at a mixing ra-
tio of 8 g/kg and a precipitation rate of 20 mm/day. Highly aggregated convection (Iorg
above 0.8) is associated with a bottom-heavy vertical velocity profile and positive cor-
relation between mixing ratio and 6D, a result that is consistent with isotopic enrich-
ment from detrainment of shallow convection near the observation level and with mix-
ing of dry air from aloft. For I,., above 0.9, §D reaches a value of over —170%o at a mix-
ing ratio of 5 g/kg and a precipitation rate of 15 mm/day. Intermediate degrees of ag-
gregation (I,,, between 0.7 and 0.8) do not display significant variation in §D with mix-
ing ratio or convective intensity, with 0D remaining at around —178%o regardless of pre-
cipitation rate. The results presented here provide a useful framework for better eval-
uating the links between convective aggregation and water vapor isotopic composition
for a range of applications including the interpretation of paleoclimate archives and the

evaluation of numerical simulations of convection.
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Figure 1. Maps for low oy (between 0.5 and 0.65) from 2015-2020 for all precipitation rates.

Data are averaged into 1x1 degree bins. (A) the count of data points in each bin; (B) mixing

ratio from IASI; (C) water vapor dD; (D) deviation from Rayleigh distillation
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Figure 2.  A: Asin Figure 1 for high lqg (greater than 0.8). B-D: di erences between high

lorg and the low lorg elds in Figure 1.
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