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Water isotope ratios reflect convection intensity rather
than rain type proportions in the pantropics
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Against the traditional view, a recently published theory argued that isotope ratios are higher in convective pre-
cipitation but lower in stratiform precipitation and proposed that isotope ratios reflect rain type proportions. This
theory has been widely cited despite some early reservations. Whether the theory represents a faithful reflection
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of signals of water isotope ratios remains unclear. Here, we reassess its validity from different timescales and
broader observations from the pantropics. Unexpectedly, our findings contradict the theory on daily, monthly,
and even annual timescales. Pantropical precipitation isotope ratios remain strongly correlated to convection in-
tensity but are independent of rain type proportions because stratiform precipitation isotope ratios cover a large
range of values. We find that the theory has many serious weaknesses related to preferential data selection and
suggest that new theories need to be validated at more locations on different timescales before gaining wide-

spread acceptance.

INTRODUCTION

As early as 1964, Dansgaard carried out the pioneering work on the
precipitation “amount effect” whereby a negative correlation be-
tween stable isotope ratios (5'0) in precipitation and the corre-
sponding precipitation amount was documented for tropical regions
(1). This finding provided the fundamental basis for paleohydrocli-
mate reconstructions using stable isotope records preserved in ice
cores, speleothems, and tree rings obtained from the low latitudes.
However, some recent studies have reported that the negative cor-
relation between 8'%0 and local precipitation amount is not signifi-
cant (2-8) or that even a weak positive correlation has been noted at
some locations (9, 10). On the basis of these studies, the validity of
the amount effect has been questioned (11-16). Should this amount
effect relationship be disproven, several valuable paleoclimate re-
cords from the tropics would need urgent reappraisal.

An alternative theory has recently been proposed by Aggarwal et al.
(17), which suggests that 5'®0 variability in the tropical and mid-
latitude regions is linked to rain types (hereafter called “stratiform
fraction” theory, abbreviated as SF theory) rather than amount effect.
On the basis of data from 28 tropical sites and 2 mid-latitude sites, they
found that the relationship between the multiyear mean monthly §'30
and precipitation amount was weak, while the §'%0 was strongly and
negatively correlated with stratiform fraction precipitation [the coefhi-
cient of determination (R%) = 0.59] (17). Hence, it was postulated that
water isotope ratios in tropical and mid-latitude precipitation reflect
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rain type proportions with relatively lower 8'*0 within stratiform pre-
cipitation and higher 8'®0 in convective precipitation (17). They fur-
ther postulated that stable isotope records in proxy archives (such as
ice cores and speleothems) from the low latitudes need reinterpreta-
tion to reflect the proportions of convective and stratiform precipita-
tion, which may or may not coincide with drier or wetter conditions
(17). Although this SF theory was initially met with some skepticism
(8, 18-20), it has gradually gained wider acceptance (21-26).

A number of subsequent studies now attribute 5'*0 depletion in
tropical precipitation to a dominance of stratiform precipitation
(22-25). Some studies have even argued that groundwater isotope
ratios also reflect the bulk proportions of convective/stratiform
precipitation (27). Since the advent of the SF theory, more studies
have used rain types (or lower stratiform precipitation isotope ra-
tios or higher convective precipitation isotope ratios) to reconcile
apparent contradictions within paleoclimate reconstructions (28-
30). However, it is not clear if the SF theory provides a faithful re-
flection of the true water isotopic signal in tropical precipitation
and the foundations for the theory have not received rigorous
examination. There is a clear need to examine the basis of the SF
theory so that the drivers of 8'%0 in tropical precipitation are
understood and to ensure that paleoclimate proxy records can be
confidently interpreted.

In this study, we replicated the work underlying the SF theory
and also explored the relationships between 8'°0 and the strati-
form fraction at more locations on different timescales (daily,
monthly, and annual). Here, we focused on the observations from
the pantropics (defined as the regions of 35°N to 35°S in this study
for the convenience of narrative, although some locations seem
relatively far outside the tropics) because the precipitation amount
effect was found in the regions (1). Contrary to the SF theory, we
found that precipitation isotope ratios in the pantropics are not
related to rain types but rather are closely related to convection
strength whether on daily, monthly, or even annual timescales. We
conclude that water isotope ratios in the pantropics do not reflect
rain type proportions, which discounts the SF theory.
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RESULTS AND DISCUSSION

Stratiform fraction and water isotope ratios

We compiled published daily 8'*0 data and the corresponding pre-
cipitation amount data from 38 sites in the pantropics during the
period of 1998 to 2021 (Fig. 1, black crosses, and table S1). We also
retrieved the corresponding daily stratiform fraction data from the
Global Precipitation Measurement (GPM) 3GCSH Tropical Rain-
fall Measuring Mission (TRMM) (1998 to 2014) and GPM 3GCSH
(2014 to 2021) and the daily outgoing longwave radiation (OLR)
data (i.e., convection intensity) from ERAS5 (the fifth generation
ECMWF atmospheric reanalysis of the global climate) reanalysis
(1998 to 2021) for these 38 sites. See Materials and Methods and
Data and materials availability for details.

We examined the correlations between the daily 8'*0 and strati-
form fraction and OLR at 38 sites in the pantropics (Fig. 2, A and
B). Unexpectedly, on the daily timescale, the relationship between
880 and the stratiform fraction in our study region was quite in-
significant (R is as low as 0.02). Thus, on the daily timescale, the
8180 was independent of the stratiform fraction. Instead, the daily
8'80 was positively correlated with OLR (R* = 0.14). The result
indicates that lower OLR values correspond to stronger convection
activities and more depleted 8'30 values. Specific to the site loca-
tions, the negative correlation of the §'®0-stratiform fraction was
only significant at 6 sites, while 16 sites displayed a positive corre-
lation between 5'®0 and the stratiform fraction (table S1). In con-
trast, 5'%0 values were positively correlated with OLR at all sites,
with 33 of the 38 sites having a significant positive correlation.
Hence, the number of sites with a negative correlation between
8'80 and the stratiform fraction in the pantropics was far less than
that with the positive correlation between 880 and OLR (table S1).
The results on the daily timescale indicate that water isotope ratios
in the pantropics are strongly affected by convection rather than
the stratiform fraction.

We then attempted to replicate the study of the SF theory on the
monthly timescale. We selected pantropical sites located in the
35°N to 35°S latitudinal range “with a minimum of four consecutive
years of isotope data in the 1998 to 2014 period” as performed by
the SF theory. On the basis of the criteria, however, we note that
four sites in the study of the SF theory should be eliminated as the
Jakarta and Manila sites were invalid (they are outside the relevant
time frame; see Materials and Methods for details) and two mid-
latitude sites of Vienna and Krakow are located beyond the specified

X Daily site (this study)

(O Monthly site (this study)

latitudinal range for our study region. Hence, we retrieved the
monthly 8'®0 and the corresponding precipitation amount data
from the remaining 26 valid sites (shown by green dots in Fig. 1) as
well as from an additional 27 global network of isotopes in precipi-
tation (GNIP) sites that meet the criteria (Fig. 1, yellow dots) (in
total of 53 sites; table S2). We also retained the complete data for all
months unlike the study of the SF theory, which excluded data
where the multiyear average monthly precipitation was less than
50 mm (I17). In addition, we retrieved monthly stratiform fraction
data from TRMM 3H31 that has a higher spatial resolution of 0.5°
grid cell and obtained monthly OLR data from ERA5 reanalysis
with a spatial resolution of 0.25° X 0.25° and a temporal resolution
of 1 hour for these 53 sites. See Materials and Methods and Data
and materials availability for details.

Similar to the analysis on the daily time series data, there was a
very weak negative correlation (R* = 0.02) between the monthly
8'%0 and the stratiform fraction for all sites (Fig. 2C). By contrast,
the linear correlation between monthly 8'*0 and OLR is positive
and very strong (R* = 0.34) (Fig. 2D). These findings suggest that
the 8'%0 values are strongly affected by convection with little influ-
ence from rain types. Specific to the site scale, moreover, the results
were also very similar to the analysis from the daily timescale
(table S2).

We further conducted similar analysis on the annual timescale
(all sites and data are based on the monthly timescale) and still
could not produce a robust negative linear relationship between
880 and the stratiform fraction (R*> = 0.08). However, annual 830
remained significantly correlated with annual OLR (R* = 0.45)
(Fig. 1, Eand F).

More unexpectedly, a weak positive correlation between §'*0
and the stratiform fraction appears on both monthly and annual
timescales when only the data where the stratiform fraction was
greater than 60% were considered (fig. S1, A to C). However, a sig-
nificant positive correlation between 8'®0 and the corresponding
OLR data also remains (fig. S1, D to F). It can be seen that, at more
locations and on different timescales, the main factor governing the
variation of the '%0 in the pantropics is not rain types but the in-
tensity of convection.

In short, all of the above results indicate that our findings oppose
the SF theory. Here, we contend that the theory is not supported by
the extensive databases compiled from the pantropics whether on
daily, monthly, or even annual timescales. Although the §'°0 values
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Fig. 1. Location of the 38 precipitation sampling sites on the daily timescale (black crosses) and 53 precipitation sampling sites on the monthly timescale. The
38 sites were selected from the published literature. On the monthly timescale, the 26 GNIP sites analyzed by (77) (green dots) as well as an additional 27 GNIP sites were

also included in this study (yellow dots) (see table S2 for details).
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Fig. 2. Correlations between §'20, stratiform fraction, and OLR in the pantropics on different timescales. (A and B) Daily timescale. (C and D) Monthly timescale.
(E and F) Annual timescale. [(A), (C), and (E)] '30 and stratiform fraction. [(B), (D), and (F)] §'0 and OLR (see Materials and Methods). The histogram illustrates the distribu-
tion of the datasets at 30 identical intervals.
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are negatively correlated with the stratiform fraction at a few sites,
the link may still be due to the intensity of convection, as we will
now discuss further.

Exposing the weaknesses of the SF theory

On the basis of our findings, a question is raised on how the SF
theory obtained the strong negative linear relationship between the
two datasets. To investigate the dichotomy between the SF theory
and our findings, we systematically analyzed the multiyear mean
monthly data relationships across pantropical locations via a three-
step process. These steps are (1) the replication of the original data-
set from the study of the SF theory, (2) the inclusion of all available
data from the original sites, and (3) the inclusion of all available site
data from our study region.

Using the 26 valid sites of the SF theory and excluding the monthly
data that contained precipitation of <50 mm, we find that a strong
negative correlation between the stratiform fraction and 8'%0 (R* =
0.32) does appear (Fig. 3A, step 1). However, if the complete dataset
that contains all months are used, the strength of the negative corre-
lation for the 26 sites reduces considerably (R? = 0.16) (Fig. 3B, step 2).
In particular, when we include the 27 additional sites that also meet
the SF theory criteria, we find that the stron§ negative linear relation-
ship between the stratiform fraction and 8'°O collapses (R* = 0.04)
(Fig. 3E, step 3). When the stratiform fraction is greater than 60%,
the 5'%0 also has a weak increasing trend with increasing stratiform
fraction (fig. S2A). Through this step-by-step systematic analysis, we
find that the reason why the stratiform fraction was strongly and
negatively correlated with §'°0 in the study of the SF theory was due
to the preferential selection of data within that analysis. This involved
the exclusion of some monthly site data and apparently relevant datasets

as well as the inclusion of invalid sites (see text S1, fig. S3, and ta-
bles S3 and S4 in the Supplementary Materials for details).

Expectedly, the correlations between the multiyear mean monthly
8'80 and OLR are notably stable when the same three-step process
is applied (R” 0.41, 0.44, and 0.41 for step 1, step 2, and step 3,
respectively) (Fig. 3, B, D, and F). This finding indicates that, no
matter what sites are chosen or how 8'%0 data are selected for
the given months, a strong positive linear correlation between
8'%0 and OLR almost always occurs at pantropical locations. This
result further demonstrates the key role of convection on 8'*0
variability. In contrast, a strong negative correlation between 5'*0
and the stratiform fraction can only be achieved by preferential
selection of data and sites.

The correlation between §'®0 and the stratiform fraction at pan-
tropical locations not only is less significant than the correlation
between 5'°0 and OLR but is also lower than the correlations between
8'®0 and precipitation amount on different timescales (daily, monthly,
and annual average monthly) (see fig. S4).

Some cases of stratiform precipitation with

isotope enrichment

Precipitation in the pantropics is mostly composed of two types
(convective and stratiform), and the annual mean dual-frequency
precipitation radar area coverage for stratiform precipitation is larger
than that for cold-topped convective precipitation (31). However, in
the pantropics the zonally averaged echo-top height for cold-topped
convective precipitation is higher than that for stratiform precipitation
(31). Moreover, precipitation is dominated by convective precipitation
(31) as organized (or mesoscale) convective systems are particularly
strong in the pantropics [the annual stratiform precipitation fraction
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Fig. 3. Correlations of multiyear mean monthly 5'0, stratiform fraction, and OLR in the three steps. (A and B) Step 1: 26 sites, selected months [i.e. replicated from
(17)]. (Cand D) Step 2: 26 sites, all months. (E and F) Step 3: 53 sites, all months (see Materials and Methods).
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is less than 50% (31)]. Generally, most convective precipitation falls
from cumulus or cumulonimbus clouds, while most stratiform pre-
cipitation falls from nimbostratus clouds (32). The distinction between
convective and stratiform precipitation is important to measure to
forecast precipitation accurately and to evaluate the effects of tropical
convection on global circulation. Satellite observation provides an
effective approach for this purpose (31, 33). However, it is very dif-
ficult to distinguish convective precipitation from stratiform precipi-
tation using water isotope ratios because high isotopic values can
occur in stratiform precipitation. In addition to our findings above,
some previous studies in the pantropics (fig. S5) have also shown that
isotope ratios in stratiform (convective) precipitation can exhibit high
(low) values under different conditions (18, 34-38).

During observations of relatively long continuous precipitation
events, it is easy to see the apparent differences in isotope ratios of
precipitation samples with different rain types. For example, obser-
vations from Sumatera (Indonesia) showed that the highest isotope
ratio (the average was as high as —3.9%o) appeared in stratiform pre-
cipitation rather than convective precipitation (the average was as
low as —40.5%o) (34). Hence, isotope ratios in precipitation have no
connection with rain types (34). This argument was also made using
similar analyses at Windhoek (18) because all abnormally isotope
enrichment (as high as 6.4%o, 7.1%o, and 7.3%o) occurred within
stratiform precipitation. The observations at Gadanki (southern India)
also demonstrated that the convective precipitation 5'%0 was relatively
low (as low as —13.3%o); however, the stratiform precipitation "0
had a wider distribution range with values as high as —1.2%o (35).

Observations from squall line systems also yield similar find-
ings. For instance, stratiform precipitation 8'*0 values from one
of the four squall lines over the Sahel (Niamey) were higher than
those from the convection zone (36). Stronger evidence was found
from the observations in Singapore, where 17 squalls in 2015 were
grouped into three classes (V, W, and other types according to the
patterns of the §180) (37). For the V pattern, the final 880 values
in the stratiform zone could be higher than the initial values in
the convective zone, although most of the lowest §'*0 values oc-
curred within the stratiform zone. For the W pattern, the lowest
880 value in a single event could occur in either the convective
or stratiform zones. In particular, for the other type patterns, the
8'%0 value gradually increases throughout the stratiform zone of
the squalls. In the three different classes, the 8'°0 almost always
has an increasing trend in the last stage of the stratiform zone (37).

Likewise, similar results have been reported in observations from
hurricane systems. The study on isotopic variability in Hurricane
Harvey (2017) precipitation across central Texas indicated that an
abrupt and positive shift in 'O occurred within the stratiform
region (38). Broader evidence comes from the daily and monthly
observations at some sites as listed in tables S1, S2, and S5. At these
sites (fig. S5), some isotope ratios of stratiform precipitation (the
stratiform fraction is equal to 100%) contain positive values (>0%o).
These high-resolution observations and the broader evidence (fig. S5)
further confirm that stratiform precipitation can be associated with
high stable isotope values.

Potential causes of isotope enrichment in

stratiform precipitation

There are many reasons that can explain the relatively high §'*0
values observed in stratiform precipitation. First, as mentioned
above, the 8'°0 variations in stratiform precipitation are highly

Yu et al., Sci. Adv. 10, eado3258 (2024) 14 August 2024

dependent on the intensity of convection (Figs. 2 and 3). Numer-
ous observations (22, 36, 39, 40) and simulations (21, 41, 42) on
isotope ratios in stratiform precipitation in the pantropics are al-
most exclusively carried out in organized convective systems, such
as squall lines (3, 36, 42, 43), tropical cyclones (43-48), mesoscale
convective systems (39, 49, 50), and large-scale convective systems
(40, 51). Moreover, most of those studies were designed to exam-
ine how convection influences the variability of isotope ratios in
precipitation.

In many cases, stratiform precipitation is inseparable from deep
convection as the convection-generated caumulonimbus clouds not only
are the most important cloud in the pantropics but also act as a genitus
mother cloud to the precipitating stratiform cloud (nimbostratus)
(Fig. 4) (33, 52). The nimbostratus is usually a cloud deck currently
or previously extruding out of the cumulonimbus (“nimbostratus
cumulonimbogenitus”). Hence, cumulonimbus clouds contain an
evolving pattern of newer and older precipitation (33). The younger
portions of the cumulonimbus are too violent to produce stratiform
precipitation. In regions of older deep convection, however, the vertical
air motions are generally weaker, and stratiform clouds can form from
the cumulonimbus (Fig. 4) (33). Hence, the convective and stratiform
precipitation both usually occur within the same complex of convection-
generated cumulonimbus clouds that are partly convective and partly
stratiform (33).

A large number of studies (3, 11, 14-16, 36, 39, 40, 52, 53) and
this study confirm that variations in isotope ratios in precipitation
are significantly correlated with the intensity of convection. How
convection causes the variability of precipitation isotope ratios has
been long debated, and some scientists have put forward different
theories (1, 3, 16, 36, 39, 40, 54, 55). Among them, the condensation
processes/condensation altitude theory is the most long-standing and
widely accepted. Within deep convective systems, condensation can
occur up to the tropopause level and imprint highly depleted signatures
on the convective precipitation (3, 46, 47, 52, 56). In contrast, the con-
densate forming the precipitation at lower condensation altitudes is
less depleted as the water vapor is less depleted due to previous con-
densation (11, 14-16, 52, 54). Simulations across the pantropics also
demonstrated that the weakening of deep convection systems can lead
to a reduction of net condensation and result in an enrichment of the
vapor with heavier isotopes in the lower troposphere (41). As a conse-
quence, the subsequent precipitation in the pantropics would contain
relatively enriched heavier isotopes (Fig. 4).

As mentioned above, in mesoscale convective (or organized con-
vection or large-scale convective) systems, stratiform clouds derive
most of their air mass from convective clouds and so isotope ratios
in stratiform precipitation can inherit the signals of convective pre-
cipitation. The degree of the enrichment or depletion of convective
precipitation isotope ratios is directly controlled by the strength of
convection. Therefore, convection plays a decisive role that shapes
the initial values of the stratiform precipitation isotope ratios. Here,
we call this effect of convection the “imprinting effect” (Fig. 4). Thus,
even when the stratiform fraction is as high as 100%, isotope ratios
of stratiform precipitation on daily and monthly scales still display a
significant correlation with the corresponding convection intensity
(fig. S6). Both end members of convective precipitation (the strati-
form fraction is 0%) and stratiform precipitation (the stratiform
fraction is 100%) have a similarly wide range of isotope ratios as both
forms are closely related to convection intensity. Moreover, strati-
form precipitation in the pantropics usually occurs simultaneously
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Fig. 4. Schematic representation of the mechanisms that cause isotope enrichment in stratiform precipitation. [Adapted from (32, 37, 52)] Similar to those in con-
vective precipitation, isotope ratios in stratiform precipitation also span a wide range and are even higher sometimes due to the combined impacts of the imprinting ef-
fect (upward straight arrows) and re-enrichment effect (downward straight arrows). Solid (open) ice crystals represent the WBF (no WBF) process. Solid (open) circles with

upward curved arrows represent the strong (weak) reevaporation process.

with convective precipitation. These results make it difficult to use
isotopic approaches to identify convective and stratiform precipitation.

Second, in addition to the effect of convection on the initial
isotope values of stratiform precipitation (imprinting effect), iso-
tope ratios in stratiform precipitation are also closely correlated
with the precipitation formation processes in the stratiform re-
gion. These processes include the Wegener-Bergeron-Findeisen
(WBF) condensation process that occurs above the melt layer
(57) and the reevaporation process that occurs below the melt
layer (17). These processes can further enrich isotope ratios in
stratiform precipitation (we term the “re-enrichment effect”)
(Fig. 4).

The effect of the WBF consists of two phase transitions—
evaporation of droplets and condensation of vapor into ice—
both of which are associated with kinetic fractionation (58). In the
mixed-phase environment, the effective fractionation over liquid is
larger than over ice at cold temperatures when the kinetic effects are
strong (57, 58). Under these conditions [in the case of §'%0, the tem-
perature is below —15°C and the updraft velocity is low enough (57)],
the net result is that the WBF process leads to local isotopic enrich-
ment of water vapor (57). It should be noted that the WBF process
has limited significance in convective clouds (59) but can become
important where convective clouds decay to stratiform clouds at the
convective detrainment levels (i.e., when strong convection enters
its dissipating stage) (57). Hence, the subsequent condensation of
ice from such vapor would lead to more enriched isotope ratios in
the stratiform region. The observation of isotopic changes during
Hurricane Harvey (2017) demonstrated that the WBF process drives

Yu et al., Sci. Adv. 10, eado3258 (2024) 14 August 2024

the more enriched isotope ratios within the stratiform region, which
contained decaying convective cells (38). Both modeling and obser-
vations indicate that the WBF process can result in enriched isotope
ratios in stratiform precipitation.

In addition, convective and stratiform precipitation has differ-
ent reevaporation processes that can lead to different magnitudes of
the enrichment in heavier isotopes. Stratiform precipitation con-
sists of small raindrops (~1 mm in diameter), which may partially
evaporate or grow by accretion and coalescence (32). In compari-
son, convective precipitation consists of larger raindrops (>2 mm
in diameter) that experience little evaporation or growth (32, 60).
Clearly, raindrop reevaporation and isotopic exchange with below
cloud vapor are more effective in stratiform precipitation compared
to convective precipitation due to the smaller raindrop size, in-
creased travel time from the cloud base to ground surface, and de-
creased average precipitation rate (18, 51). Hence, it is easier for the
stratiform precipitation to become enriched in heavier isotopes due
to raindrop reevaporation (51), even in humid areas (37).

The possible occurrence of the WBF process above the melt layer
and/or the reevaporation process below the melt layer means that at
least four combinations are likely to occur (Fig. 4). Specifically, (i) if
the WBF process does not occur during the precipitation formation
process, and meanwhile the reevaporation process is very weak, iso-
tope ratios in stratiform precipitation tend to be depleted; (ii) if there
is no WBF process, but the raindrops undergo the strong reevapo-
ration process with unsaturated water vapor below the melt layer,
isotope ratios in stratiform precipitation may become enriched; (iii)
if the WBF process occurs, stratiform precipitation isotope ratios will
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likely increase, even if the raindrops do not undergo the strong re-
evaporation process (38); and (iv) if both the WBF and the strong
reevaporation processes occur, then enriched isotope ratios in strati-
form precipitation are more likely to appear. In addition, when the
original convective clouds decay to stratiform clouds (no precipita-
tion falls from convective clouds) and the WBF and/or reevaporation
processes are strong, the probability of enriched isotope ratios in strati-
form precipitation from such clouds will greatly increase. It is evident
that this re-enrichment effect has the opportunity to further enrich
isotope ratios within stratiform precipitation. Those findings explain
why isotope ratios in stratiform precipitation at some pantropical lo-
cations can be higher than those in convective precipitation.

We note that stratiform clouds as mentioned above are mainly
nimbostratus clouds that are associated with deep convection. Most
stratiform precipitation falls from nimbostratus clouds that reach
well above the 0°C level (32). There is one exception for stratiform
precipitation that includes stratus and stratocumulus cloud decks,
which are considered stratiform under standard terminology (61),
but such clouds occur outside the deep convection system (Fig. 4).
These extensive stratiform clouds have tops well below the 0°C level
and may produce drizzle or light rain (60). These stratiform clouds
are very low in height and high in temperature and have raindrop
sizes that are very small. Therefore, isotope ratios in such stratiform
precipitation become enriched due to the reevaporation process (re-
enrichment effect) (Fig. 4).

Last, we emphasize that, although precipitation isotope ratios are
sensitive to proportions of convective and stratiform precipitation
in some regions (22, 23, 25, 41), the rationale behind the phenome-
non is still driven by changes in convection intensity (36, 39-41, 62,
63). From the perspective of simulations, the results of the Iso-
CAM3.0 model show that isotope ratios in pantropical precipitation
are significantly and negatively correlated with the strength of deep
convection and indicate that, in turn, the strength of deep convec-
tion is responsible for the sensitivity of rain type proportions to pre-
cipitation isotope ratios (41). From the perspective of the spaceborne
measurements over the tropics, the analysis of water vapor isotopes
retrieved from TES (Tropospheric Emission Spectrometer) onboard
the NASA Aura and IASI (Infrared Atmospheric Sounding Interfer-
ometer) onboard the MetOp satellite and latent heating product de-
rived from the TRMM precipitation radar (PR) also demonstrate
that the depth of convection is controlling the relationship between
the stratiform fraction and water vapor isotope ratios in the tropics
(63). We also found that, when the stratiform fraction is greater than
60%, the water vapor isotope ratios from the spaceborne measure-
ments change very little and even slightly increase with increasing
stratiform fraction. This result supports our findings based on ob-
servations of precipitation isotope ratios in the pantropics—that is,
when the stratiform fraction is greater than 60% on different times-
cales, precipitation isotope ratios in the pantropics slightly increase.

On the basis of the extensive databases, we found that precipita-
tion isotope ratios in the pantropics are independent of the strati-
form fraction whether on daily, monthly, or even annual timescales
because isotope ratios in stratiform precipitation span a wide range.
Hence, variations in isotope ratios in pantropical precipitation can-
not be attributed to rain types. By contrast, changes in isotope ratios
in pantropical precipitation were correlated with the intensity of
convection across the different timescales, which imprint specific
signatures on both convective and stratiform precipitation (imprint-
ing effect). While reduced convection can cause isotope enrichment
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in stratiform precipitation, the WBF and raindrop reevaporation
processes can also drive stratiform precipitation isotope ratios to be-
come further enriched (re-enrichment effect).

Our work discusses the serious weaknesses of the SF theory that
researchers should consider if applying it to stable isotope datasets
in the future. While our study focused on convection combined
with the WBF and raindrop reevaporation processes, we acknowl-
edge that isotope ratios in pantropical precipitation are influenced
by many other factors including mesoscale downdrafts (3, 36, 39-
41), rain-vapor diffusive exchanges (1, 42, 47, 56, 64), and mixing
between contrasting air masses (65-68). From a pantropical per-
spective, it is clear that the significant correlation between isotope
ratios in pantropical precipitation and OLR confirms the important
role of the intensity of convection on water isotope ratios. We con-
clude that water isotope ratios in the pantropics are indicative of the
intensity of convection rather than rain type proportions. In addi-
tion, the water isotope ratios may also allow us to better understand
the complex interplay of moistening and drying that governs the
large-scale convective systems such as Madden-Julian Oscillation
(69). In terms of paleoclimate studies, we emphasize that stable
isotope records preserved in paleoclimate archives from the pan-
tropics cannot be used to reconstruct changes in the proportions of
convective and stratiform precipitation but rather can be used to
reconstruct the history of the intensity of paleoconvection. Appar-
ent contradictions or conflicts that occur in paleoclimate recon-
structions cannot be reconciled by rain types.

MATERIALS AND METHODS

The precipitation isotope ratio measurement data were obtained from
the published literature, the GNIP database, and Daily Basis Precipita-
tion Sampling Network for Water Isotope Analysis at Indonesia (here
we abbreviated it as IDNIP) database. The enrichment of heavy
isotopes (H,'®0 or HDO) is expressed as 880 (or 8*H) = (Rsample/
Rsmow — 1) X 1000 in %o, where R denotes the ratio of '*0/*°O (or
H/H) in a sample relative to the Standard Mean Ocean Water
(SMOW) reference. The stratiform fraction data in the pantropics
were derived from the new versions of the TRMM PR and GPM DPR
satellite data products. The stratiform fraction is the ratio of strati-
form to the total surface rain rate. Values range from 0 to 100%. The
values of the mean estimated surface precipitation rate range from
0 to 3000 mm/hour (https://gpmweb2https.pps.eosdis.nasa.gov/
pub/stout/helpdesk/filespec. GPM.V7.pdf). Generally, the convec-
tive intensity is defined by updraft magnitude (70). Here, we used
OLR to indicate the convective intensity because it is difficult for
satellites to measure the updraft speed (70). The lower the OLR, the
stronger the convection. The daily, monthly, annual, and multiyear
mean monthly OLR data were calculated by the mean top net
longwave radiation flux data, which were obtained from the ERA5
reanalysis with a spatial resolution of 0.25° X 0.25° and a temporal
resolution of 1 hour. The calculated OLR data were validated by the
daily OLR data with a spatial resolution of 1° X 1° provided by the
National Oceanic and Atmospheric Administration (NOAA) Nation-
al Centers for Environmental Information (NCEI) (fig. S7).

The choice of sites and data on the daily timescale

We compiled the published daily "0 and the corresponding pre-
cipitation amount data (covering the period of 1998 to 2021) for
105 sites across the pantropics (35°N to 35°S). We then selected the

7 of 10

¥202 ‘T 13nBny uo A1SIBAIUN SIS 04O e 610°30Us 105" MAMM//:SdNY W) pepeoumod


https://gpmweb2https.pps.eosdis.nasa.gov/pub/stout/helpdesk/filespec.GPM.V7.pdf
https://gpmweb2https.pps.eosdis.nasa.gov/pub/stout/helpdesk/filespec.GPM.V7.pdf

SCIENCE ADVANCES | RESEARCH ARTICLE

valid sites based on the availability of the corresponding stratiform
fraction data (as follows).

On the daily timescale, the stratiform fraction data were ob-
tained from GPM 3GCSH TRMM V07 (which replaces the old
TRMM legacy product TRMM 3G31, which is a 0.25° gridded
dataset with 1.5-hour intervals, covering 37°N to 37°S horizontally)
from 1 January 1998 to 18 March 2014 and GPM 3GCSH V07 from
19 March 2014 to 31 December 2021 (which is a 0.5° gridded data
with 1.5-hour intervals, covering 65°N to 65°S horizontally). It
should be noted that the data products of TRMM PR and GPM
DPR have similar temporal resolution of 16 orbits a day with swath
widths of 245 km (but 215 km for TRMM PR during 27 November
1997 to 6 August 2001, prior to orbit boost) (18, 24, 71). This means
that at least 164 orbits are needed to cover the whole equator
(roughly 40,000 km) corresponding to around 10 days based on the
swath width (24). As a consequence, for a given precipitation sampling
site, the daily data products of TRMM and GPM do not have the
corresponding stratiform fraction data for each precipitation day.
On the daily timescale, our data selection criteria is that the pub-
lished daily 'O data cover the period of 1998 to 2021 across the
regions of 35°N to 35°S, and the valid sample size (1) at each site is
required to not be less than 12 (i.e., n > 12) during the correlation
analysis of the stratiform fraction-8'%0 relationship. In that case,
only 38 of the 105 sites met the criteria (Fig. 1, black crosses, and
table S1).

The choice of sites and data on the monthly timescale
According to the criteria of the study of the SF theory (17), we se-
lected the pantropical sites located in the 35°N to 35°S latitude
range with a minimum of four consecutive years of isotope data in
the 1998 to 2014 period (17). In this way, the monthly 8'*0 and the
corresponding precipitation amount data at 51 sites were retrieved
from the GNIP database, and data from two other sites (Jambi and
Kototabang) were obtained from the IDNIP database.

On the basis of the criteria, we eliminated four sites (Jakarta, Manila,
Vienna, and Krakow) previously included in the study of the SF theory
(17) because the observed 830 data from Jakarta (covering the pe-
riod of January 1962 to December 1997) and Manila (covering the
period of January 1961 to December 1976) do not overlap with the
stratiform fraction data (covering the period of January 1998 to
October 2014), and another two mid-latitude sites of Vienna (48.25°N,
16.36°E, 198 m above sea level) and Krakow (50.06°N, 19.85°E, 205 m
above sea level) were beyond the specified latitudinal range of this
study. Overall, we selected 26 valid sites from the study of the SF
theory (Fig. 1, green dots) (17). In addition, we added another
27 GNIP sites that also meet the criteria proposed by the study of
the SF theory (17) but were missed in that study (Fig. 1, yellow dots).
In total, we retrieved monthly 'O and the corresponding precipi-
tation amount data from 53 sites (table S2). Unlike the choice of the
8'%0 data in the study of the SF theory (17), we used complete data,
which cover all months.

In comparison with the study of the SF theory (17), which used
the stratiform fraction data from TRMM 2A25 with a relatively
coarser spatial resolution of 2.5° grid cell, in this study, we obtained
the stratiform fraction data for the 53 sites from TRMM 3H31 with
a higher spatial resolution of 0.5° gridded data, covering 37°N to 37°S
horizontally. Some precipitation sampling sites were located in close
proximity, and some sites were even within the same grid cell. Hence,
the stratiform fraction data for two adjacent sampling sites could be
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retrieved from the same grid cell, which can result in a large bias in
calculations particularly for the data that have a coarser spatial reso-
lution (2.5°). This bias can be reduced to a large extent by using the
TRMM 3H31 data with a higher spatial resolution (0.5°).

The choice of sites and data on other timescales

The choices of sites and the 8'*0 and the corresponding precipitation
amount data combined with the stratiform fraction and OLR data for
the 53 sites (table S2) on the annual and multiyear mean monthly
timescales were consistent with those on the monthly timescales.
Note that the monthly 8'*0 values were used to calculate arithmetic
means (unweighted) on the annual and multiyear mean monthly
timescales.

In addition, to determine if the stratiform fraction data with dif-
ferent temporal resolutions would affect our results, we further cal-
culated the monthly, annual, and annual average monthly stratiform
fraction data for the 53 sites from the GPM 3GCSH TRMM V07 and
GPM 3GCSH V07 datasets as mentioned above and analyzed the cor-
relations between 8'%0 and the stratiform fraction on the monthly,
annual, and annual average monthly timescales (see fig. S8 in the
Supplementary Materials for details).

Supplementary Materials
This PDF file includes:

Text S1

Figs.S1to S8

Legends for tables S1to S5
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