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Abstract In tropical paleoclimate studies, paleo‐precipitation is often reconstructed from proxies via the
“amount effect,” that is, the empirical inverse relationship between local precipitation amount (P) and the
oxygen isotopic composition of precipitation (δ18OP). However, recent research has illustrated numerous
microphysical and dynamical controls on δ18OP that do not necessarily covary with P, complicating the
reconstruction of circulation features like the Intertropical Convergence Zone. Here we introduce a new
conceptual and statistical model for δ18OP that better captures the physical foundations for δ

18OP as a tracer
of hydrological balance. We find that bulk precipitation microphysics and cloud type exert comparable
influences on δ18OP. Moisture transport plays an important secondary role in regions of deep atmospheric
convection such as the Intertropical Convergence Zone and Indo‐Pacific Warm Pool. Our findings help
reconcile conflicting interpretations of Intertropical Convergence Zone excursions, and provide a firm
physical grounding for more nuanced, accurate interpretations of past hydroclimate using water
isotope proxies.

Plain Language Summary The oxygen isotopic composition of tropical precipitation is a
powerful tool for “fingerprinting” the history of evaporation, condensation, and transport that water was
subjected to in the atmosphere before it reached the ground as precipitation. For this reason, the oxygen
isotopic composition of precipitation is commonly employed as a water cycle tracer, both in modern‐day
contexts and in geologic archives. Translating oxygen isotope ratios into metrics of circulation and climate is
not always straightforward, however, due to the range of processes that can affect precipitation. Here we
introduce a novel conceptual and statistical framework for interpreting oxygen isotope ratios in tropical
precipitation by deconvolving its multiple competing influences. We find that the relative importance of
each factor varies geographically. Moisture source is particularly important around the Indo‐Pacific Warm
Pool, while cloud type exerts strong influence in regions where stratiform clouds are abundant. These results
help to reconcile conflicting interpretations of how the Intertropical Convergence Zone and other key
features of tropical circulation respond to climate forcings, which are critical questions for past climate
reconstructions as well as future climate projections.

1. Introduction

The oxygen and hydrogen isotopic composition of precipitation and water vapor (δ18OP, δDP, δ
18Ov, δDv;

collectively referred to as “water isotopes”) are sensitive tracers of the tropical water cycle at multiple
scales, from raindrop‐level physical processes to large‐scale features of atmospheric circulation (Conroy
et al., 2016; Dansgaard, 1964; Galewsky et al., 2016; Kurita, 2013; Martin et al., 2018; Moerman et al.,
2013; Worden et al., 2007). The isotopic composition of meteoric water is well preserved in terrestrial
paleoclimate archives (e.g., ice cores, speleothems, lake sediments), and for most of the tropics, such
archives are the primary source of paleoclimate information (PAGES Hydro2k Consortium, 2017).
However, global syntheses of paleoclimate data have fallen short of reconstructing paleo‐hydroclimatic
processes because the interpretation of such proxy records can be complex, due in part to the wide range
of processes affecting δ18OP and δDP (Konecky et al., 2018; PAGES Hydro2k Consortium, 2017). The envir-
onmental signals contained within δ18OP and δDP are further obscured when detected and transformed
within a proxy system (Evans et al., 2013). Even as improvements in proxy system models enable recon-
struction of paleo‐δ18OP and paleo‐δDP with higher and higher fidelity (Dee et al., 2015), translation of
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these reconstructions into metrics of a changing water cycle requires decoding the environmental signals
contained in δ18OP and δDP.

In paleoclimate studies, tropical δ18OP is often interpreted to reflect local precipitation amount (hereafter P)
via the “amount effect,” that is, the empirical correlation between high monthly P and low monthly δ18OP

observed at many tropical stations (Dansgaard, 1964). Following this correlation, increased or reduced
paleo‐precipitation is inferred from lower or higher paleo‐δ18OP (or δDP) values, respectively (Schefuß
et al., 2005; Wang, 2001; Wang et al., 2017). In some cases, the qualitative inference of wetter versus drier
conditions is reasonably supported by independent evidence from other moisture‐sensitive proxies (e.g.,
Schefuß et al., 2005) or modern‐day measurements (e.g., Carolin et al., 2013). However, in other cases, inde-
pendent evidence either contradicts the amount effect—for example, suggesting aridity during periods of
low δ18OP or δDP (Konecky et al., 2011, 2016; Wicaksono et al., 2017)—or does not exist at all, such as in
some karst settings where speleothem δ13C or trace element ratios are not viable.

Unrealistic conclusions about the climate system can arise when δ18OP and δDP is assumed to directly reflect
local P. For example, several recent studies have utilized proxy‐derived inferences of the mean position of the
Intertropical Convergence Zone (ITCZ) under past climate states to assess how various climate forcings
impact cross‐equatorial fluxes of heat and energy; this question is critical for future climate projections
(Seidel et al., 2008; Seidel & Randel, 2007). Heat and energy fluxes are strongly correlated to the
precipitation‐defined ITCZ position, that is, the latitude of the centroid or maximum of tropical zonal mean
P, Pcent, and Pmax, respectively (Donohoe et al., 2013; McGee et al., 2014; Roberts et al., 2017). Under the
assumption that paleo‐δ18OP and paleo‐δDP represent local P, Pcent or Pmax could be interpreted to have shifted
as far south as 8.5°S during the last glacial period (Ayliffe et al., 2013) and as far north as 20°N during the early
Holocene (Fleitmann et al., 2007), excursions of nearly−10° andmore than+15°, respectively, relative tomod-
ern Pcent (McGee et al., 2014). Such excursions far exceed the average ~1° shift predicted by climate models
under glacial forcings (Donohoe et al., 2013; McGee et al., 2014) or the 2.5–7° shift over the open ocean recon-
structed by non‐water isotope proxy data (Reimi&Marcantonio, 2016). Additionally, such excursions are often
not supported by co‐located or adjacent proxy records for vegetation, surface erosion, and other proxies for P or
P‐E (Dubois et al., 2014; Konecky et al., 2016; Niedermeyer et al., 2014; Wicaksono et al., 2017). Domodels and
nonisotopic proxy data underestimate the excursions of the mean position of the ITCZ in response to climate
forcings? Or do tropical water isotope proxy records reflect climatic processes that do not covary with local P?

Seminal work on the amount effect attributed the correlation between monthly δ18OP and P to bulk preci-
pitation microphysical processes (Figure 1), such as increased local humidity during precipitation that limits
raindrop re‐evaporation and diffusional isotope exchange, and increasing Rayleigh removal of heavy isoto-
pologues as precipitating clouds cool (Dansgaard, 1964; Rozanski et al., 1993). In recent decades, observa-
tional and modeling studies have demonstrated multiple facets of atmospheric circulation, moisture
trajectories, and cloud type that also exert strong influences on δ18OP but are distinct from previous explana-
tions of bulk precipitation microphysics. Circulation drives δ18OP through the convergence of water vapor
from isotopically distinct moisture sources (Moore et al., 2014), by altering the residence time of water in
the atmosphere (Aggarwal et al., 2012), and via variations of large‐scale moisture transport into the tropics
(Joussaume et al., 1984; Jouzel et al., 1987; Noone & Simmonds, 2002). Alternatively, the specific type of
clouds that produce rain—that is, whether isolated convective clouds or deep, horizontally extensive strati-
form clouds typically associated with tropical mesoscale convective systems—may also drive δ18OP,
although it is unclear which of many possible mechanisms explains this phenomenon (Aggarwal et al.,
2016; Kurita, 2013; Kurita et al., 2011; Risi et al., 2012).

A major shortcoming of many explanations of tropical δ18OP is that their influence is most often quantified
via a simple linear regression of δ18OP against the predictor in question (Aggarwal et al., 2012, 2016;
Dansgaard, 1964; Rozanski, 2005). Such an approach is problematic because in nature, predictor variables
are often correlated with each other, causing overestimation or underestimation of R2 depending on the
choice, ordering, and interdependence of predictors or the existence of omitted variables. For example,
the strong correlation between δ18OP and stratiform rain (Aggarwal et al., 2016) may be biased because P
itself also tends to increase with higher stratiform rain fraction (Schumacher et al., 2004; Schumacher &
Houze, 2003a; 2003b), such that the roles of moisture convergence and microphysical processes like rain
re‐evaporation (which also increase with P) remain hidden variables in the regression.
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Predictor correlation and hidden variables may explain why at most stations, the P‐δ18OP correlation is very
weak, with >80% of variance unexplained (Figure 2a), and also why the amount effect correlation emerges
only when ≤daily rainfall has been aggregated to the scale of several days to weeks (Conroy et al., 2016;
Moerman et al., 2013). Clearly, a physically and theoretically robust interpretive framework for δ18OP is
needed that includes, but is not limited to, processes that can produce negative correlations with P. In this
study, we present such a framework.

2. Approach
2.1. Conceptual Approach

In this section we outline our conceptual framework for δ18OP. The problem with local P as a predictor of
δ18OP is that P, as measured at rainfall stations, integrates a suite of isotopically fractionating processes
within the water cycle. In a vertical sense, precipitation at the surface (Psurf) occurs when condensation of
cloud moisture exceeds the amount of subcloud rain evaporation (RE):

Psurf ¼ ∫ condensation−REð Þ (1)

where the amount of Psurf is the vertical integral of the difference between condensation and rain evapora-
tion at every below‐cloud atmospheric layer. Condensation and RE are microphysical processes occurring
within and near clouds, and are dependent on the vertical structure of clouds, types and distribution of cloud
nuclei, humidity below the cloud base, various aspects of convective activity, and other characteristics.
Hence, P at a given location is ultimately dictated by the bulk microphysics of local precipitating clouds.
Each microphysical process causes isotopic fractionation, but to different extents.

From a water budget perspective, P at any given location is balanced by evapotranspiration (ET) of moisture
from the Earth's surface into the atmosphere, plus atmospheric transport of moisture into or away from the
location, such that

P ¼ ETþ transport (2)

Inherently, P occurs during moisture convergence. Therefore, while P falls locally, the convergence of the
moisture that forms P ultimately depends on atmospheric transport from nonlocal sources or from recycled
evapotranspired moisture derived locally.

Figure 1. Illustration of fractionating processes in the tropical atmosphere that drive changes in the δD and δ18O of pre-
cipitation and water vapor. The cartoon depicts idealized clouds over the ocean and illustrates three categories of frac-
tionating processes known to influence tropical δ18OP, including the vertical and temporal evolution of isotope ratios in
vapor (circles) and rain (teardrops). (a) Bulk precipitation microphysical processes averaged over many clouds in a
region; such processes include the re‐evaporation and equilibration of raindrops (shown here), condensation rates,
detrainment rates, ice/liquid fraction, and nucleation processes. (b) Moisture transport conditions tied to the large‐ or
regional‐scale circulation, encapsulating the direction and magnitude of surface moisture fluxes (shown here), as well as
transport characteristics and divergence/convergence. (c) Cloud type, that is, differences between (left) convective and
(right) tropical stratiform clouds, including their vertical structure, detrainment/entrainment levels, degree and elevation
at which precipitation is formed or re‐evaporated, and vertical profiles of latent heating in the troposphere. Note that
all three of these categories also influence P itself, as moisture is condensed via microphysical processes (a) during
moisture convergence (b) at a level and rate determined by cloud type (c); therefore, each category can be assumed to vary
in a manner that could change the correlation between δ18OP and P.
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Putting equations (1) and (2) together, the water budget of a given geographic location is a balance between
local cloud/precipitation microphysics, local ET, and nonlocal atmospheric transport. Therefore, the water
isotopic budget depends on the net isotopic composition of condensate after postcondensation evaporation
and diffusion (δmicrophys), evapotranspiration fluxes to the atmosphere, and converged moisture. Cloud type
is fundamentally related to moisture transport and convergence, as increases in tropical stratiform versus
convective rain are associated with strengthened upper level circulation (Schumacher et al., 2004). Cloud

Figure 2. Fraction of variance in monthly average δ18O explained by regression models. (a) The Pearson R2 between
δ18OP and local P measured at GNIP+ stations (the classic amount effect). (b) The R2 between δ18OP and local P when
δ18OP is modeled against four predictors—P and three randomly generated AR(1) time series—for more robust
comparison with a four‐predictor multiple regression model. (c) Same as in (b) but using gridbox‐scale P from TRMM
rather than local station P. (d) Multiple R2 between δ18OP and the final, four‐predictor multiple regression model. Inset
histograms show the distribution of R2 across the data set.
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type also sets the stage for isotopic fraction during condensation (i.e., a starting point for δmicrophys) by deter-
mining the level in the atmosphere and the temperature at which condensation forms, as well as ice crystal
growth and other factors (Kurita, 2013; Kurita et al., 2011).

In this study, we consider a spatial scale that is too small for local ET to contribute significantly to δ18OP. The
area integrated by a precipitation collection device or a rain gauge at a rainfall station is on the order of
meters to tens of meters. Therefore, the majority of converged moisture at a given rain gauge is derived from
nonlocal sources rather than from fluxes of ET originating from the same location. The isotopic composition
of ET fluxes from a given location does matter for other locations where that moisture is subsequently trans-
ported, but that isotopic composition is already incorporated into the δtransport term.

The resulting theoretical framework considers P and δ18OP to be a function of the three remaining cate-
gories: bulk precipitation microphysics, cloud type, and transport. Since P and δ18OP integrate similar pro-
cesses within the water cycle, they should behave similarly, and a correlation is to be expected. However,
the same physical processes within each category can have different impacts on P versus δ18OP, for example,
two precipitation events of equal magnitude resulting from convergence of moisture from sources with sub-
stantially different δ18OP. Similarly, δtransport can also be affected by upstream rainout and subsequent re‐
evaporation of falling raindrops, which on its own exerts strong isotopic fractionation but produces
negligible P.

δ18OP and P at any given station are both water cycle integrators, driven by the convergence of nonlocal
moisture, the structure and organization of clouds, and the microphysics of condensation and postconden-
sation exchanges. However, because δ18OP is sensitive to additional processes than P, P and δ18OP need not
covary. A physically robust model for δ18OP must account for the underlying processes that produce preci-
pitation as well as isotopic fractionation: moisture transport, cloud type, and precipitation microphysics.

2.2. Regression Approach

Following the above conceptual approach, we consider monthly tropical δ18OP to be a multivariate function
of bulk precipitation microphysics, the effects of regional circulation on moisture transport, and cloud type
(Figure 1). A multiple linear regression model was constructed to predict δ18OP at each station (section 2.3)
based on four predictors that represent the three categories in Figure 1:

δ18OP ¼ β1×REfrac þ β2×MFþ β3×MTDþ β4×SRF (3)

where β1–4 are the coefficients of regression. The variables REfrac, MF, MTD, and SRF correspond to rain re‐
evaporation and sublimation normalized to precipitation, the magnitude of surface moisture fluxes, the
direction of surface moisture transport, and stratiform rain fraction, respectively, at each site, following
Figure 1 (section 2.3 and supporting information). All variables were selected to have sufficiently high tem-
poral resolution (≤monthly), spatial resolution (≤2.5°), and time coverage (≥10 years), and to maximize
temporal overlap among data sets (monthly data from 1998 to 2013).

The variance in δ18OP contributed by each of the four variables was partitioned using an R2 decomposition
technique that accounts for collinearity among predictor variables by iteratively calculating different combi-
nations and orderings of predictors (Groemping, 2007). The resulting Relative Importance (RI) of each pre-
dictor is defined as the R2 between the predictor and δ18OP averaged over all iterations of the calculation,
thereby minimizing competing influence from other predictors (Dobson, 2002). This R2 decomposition tech-
nique has been employed in neuroscience (Freeman et al., 2013; Teicher et al., 2012), population ecology
(Treml et al., 2012), and forestry (Castillo‐Santiago et al., 2010) studies, but this study is the first application
to climate data, to our knowledge.

Our approach differs from previous “isoscapes” of global δ18OP based on regressions of available observa-
tions against a large number of geographic (e.g., latitude) and climatic (e.g., precipitable water) variables
(Terzer et al., 2013), or on spatial interpolation (Bowen & Revenaugh, 2003). The goal of the present study
is not to focus solely on statistical relationships in order to predict δ18OP where observations are lacking.
Rather, the goal is to align a statistical model with a physically based conceptual model, and to use such a
model to assess the relative importance of different types of processes on δ18OP, in order to guide
paleoclimate interpretations.

10.1029/2018GL080188Geophysical Research Letters

KONECKY ET AL. 1626



2.3. Selection of Data Sets for Multiple Linear Regression Model

To construct the model, variables were selected to represent the categories represented in Figure 1. Bulk pre-
cipitation microphysics (Figure 1a) is represented by the total column re‐evaporation and sublimation of
precipitation (RE) from the Modern‐Era Retrospective Analysis for Research and Applications v.2
(MERRA2) monthly surface flux product (M2TMNXFLX; Bosilovich, 2015; 2017; Rienecker et al., 2008),
normalized to precipitation amount at each grid cell, such that REfrac = RE/(RE + P). MERRA2 was selected
because of its demonstrated utility for hydrological cycle applications (Bosilovich et al., 2017) and because it
is the only reanalysis or satellite product which contains a scientifically validated rain re‐evaporation esti-
mate (Bosilovich, 2015). In line with independent observations from Worden et al. (2007), tropical REfrac

from MERRA2 generally falls between 20 and 70%, with the lowest values occurring over the eastern
Pacific ITCZ region and the highest values occurring along the latitudinal extremes of the rain belt over land,
for example, along the southern margins of central Africa where a strong dry season occurs annually
(Figure S1). Within the deep tropics, regions that experience heavy year‐round precipitation (i.e., the
Amazon, Congo, and land areas of the Maritime Continent) tend to experience more moderate REfrac of
around 50–60%. Therefore, we take estimates of REfrac from MERRA2 to be satisfactory.

Cloud type (Figure 1c) is represented by the fraction of tropical stratiform versus convective rain (SRF) as
observed by the Tropical Rainfall Measuring Mission (TRMM) A23 product from 1998 to 2013
(Schumacher & Houze, 2003a, 2003b). This product classifies tropical stratiform rain as having a radar
reflectivity ≥17 dBZ, with weak vertical velocities, low rain rates, and a widespread and homogeneous
extent, as is found in tropical stratiform systems that evolve from or are attached to deep convective clouds.
Precipitation processes primarily occur in the ice layer above the 0 °C level. Convective rain, on the other
hand, is classified as having strong vertical velocities, high rain rates, and isolated and inhomogeneous radar
echoes. The SRF product has been vetted elsewhere; details can be found in Schumacher and Houze (2003a)
and Schumacher and Houze (2003b).

Circulation (Figure 1b) is represented by two quantities calculated from low‐level (850 hPa) assimilated
wind and humidity fields from MERRA: the magnitude of horizontal moisture flux (MF) and the transport
direction of moisture flux (MTD) at 850 hPa at the grid cell containing each station (SI). Together, MF and
MTD capture the two aspects of moisture source, direction and magnitude, that are frequently invoked to
explain circulation‐driven changes in δ18OP.

Monthly precipitation amount (P) and precipitation δ18O (δ18OP) were analyzed from 35 stations of the
Global Network of Isotopes in Precipitation (GNIP; IAEA/WMO, 2018). Stations were screened for quality
and data set length by removing stations that did not contain at least two 12‐month periods with consecu-
tively reported monthly data. The length of the resulting data set varied by station, ranging from 24 to
607 months. In addition to the GNIP database, six additional stations were included in our analysis:
Gunung Buda, Borneo (Moerman et al., 2013), and five other warm pool stations in Bali, Sulawesi, Palau,
and Sumatra (Kurita et al., 2009). Collectively, these stations are referred to in the text as “GNIP+.” This
GNIP+ dataset was previously used to validate the water isotope‐enabled Community Earth System
Model (Nusbaumer et al., 2017). The δDP was not analyzed because it was not consistently reported at all
stations. All data was placed on a 1° × 1° grid and trimmed to tropical latitudes (35°S–35°N) and from
1998 to 2013, the spatial and temporal extent of the TRMM data set.

2.4. R2 Decomposition

The relative importance of each of four explanatory variables (REfrac, MF, MTD, SRF) for predicting station
δ18OP was assessed using a method of R2 decomposition designed for linear regression models with highly
collinear predictors (Dobson, 2002; Groemping, 2007). The method maximizes the largest gain in marginal
probability by the addition and placement of each predictor. Linear regressionmodels for station δ18OP were
calculated iteratively as a sequential sum of squares, with each predictor added one at a time, while varying
the number of predictors used in the regressionmodel and their orderings. Varying the number of predictors
and their orderings avoids the problem of overestimating or underestimating the importance of one predic-
tor due to its collinearity with another predictor. Otherwise, the ordering of collinear predictors distorts the
multiple R2 of the overall regression model, as well as the individual and partial R2 between each predictor
and the response variable. Calculations were performed with the R package relaimpo (Groemping, 2006).
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The final metric of “relative importance” of each predictor for δ18OP is the average R
2 produced over all itera-

tions of the calculation. This average R2 is used to assign ranks for each predictor from 1 to 4, where 1 is the
most important and 4 is the least. Bootstrapped confidence intervals (90%) on ranks were calculated by sam-
pling the regression model's residuals 1,000 times, and results were used to determine which predictors
could be considered first‐order within the 90% confidence interval.

To compare R2 values between a model of δ18OP using only one predictor (P) versus a model with multiple
predictors, δ18OP was modeled as a function of four predictors: P plus three random time series generated to
function as predictors 2, 3, and 4 (Figure 2b). Time series were modeled as AR(1) processes with autocorrela-
tion = 0.5 and the number of observations equal to the length of the δ18OP time series at each station. The R2

decomposition then proceeded as above. This approach circumvents the problem that higher R2 values can
result simply from the addition of predictors in a regression model. In order to be consistent with calcula-
tions of the amount effect elsewhere in the literature (Dansgaard, 1964; Rozanski et al., 1993), P was not
transformed prior to inclusion in the regression models.

3. Results and Discussion
3.1. The δ18OP Variance Explained by Multiple Regression Model

At the vast majority of tropical stations, a univariate regression of P against δ18OP (i.e., the amount effect)
explains only a small fraction of variance in monthly δ18OP (median = 22%, range 1–75%; Figure 2b and
Table S1). Correlations are especially weak (R2 < 0.1) at seven stations in the western IPWP and the
Americas. In other words, the amount effect, when taken at face value (the empirical P versus δ18OP correla-
tion), is in fact a poor predictor of monthly δ18OP variance. In addition to the nonnormal distribution of P in
most locations, the low R2 likely arises in part from the inherent noisiness of precipitation at any given
locality—for example due to orographic variations, rainshadow effects, or localized wind patterns—that
obscure the relationship between P and large‐scale hydrological conditions at many sites. In this sense, local
P is an unreliable proxy for large‐scale hydrological processes, whereas δ18OP accurately reflects such
processes owing to its integrative nature (Moerman et al., 2013).

By contrast, a median of 36% of monthly δ18OP variance is explained by the multiple‐predictor regression
model (“multiple R2” ranging 4–68%; Figure 2d). The improvement in explained variance is not only due
to the inclusion of additional predictors, as the R2 between P and δ18OP remains very similar when δ18OP

is modeled as a function of P and three randomly generated AR(1) time series (“adjusted R2,”median = 20%,
range 1–67%; Figure 2b). The improvement is also not just due to the larger spatial scale integrated by pre-
dictor variables in the multiple regression models, that is, some artifact of a “regional amount effect”: the
adjusted R2 between P and δ18OP is similar or even lower when δ18OP is predicted using a more regional
metric of P, that is, TRMM precipitation in the 1° grid box containing each GNIP station (median = 16%,
range 0–65%; Figure 2c). In the multiple‐predictor regression model (Figure 2d), marked improvements
are observed in the IPWP and the Americas (Figure 2b versus Figure 2d), and R2 < 0.1 at only two tropical
stations. The distribution of R2 values is strongly skewed toward 0 when only P is considered (skew-
ness = 1.01, an asymmetrical tail toward higher values), but becomes closer to normally distributed when
considering the multiple regression model (skewness = 0.26), suggesting particular improvement to stations
where correlations between δ18OP and P are the weakest. Generally, higher R2 indicates that bulk microphy-
sical characteristics, cloud type, and circulation processes capture more variance in δ18OP than P on its own,
even though P itself covaries with each of the predictors. In essence, δ18OP is generally more effective than
local P at tracing integrated, regional‐scale hydrological characteristics.

3.2. Bulk Precipitation Microphysics and Cloud Type Exert Comparable Influence on δ18OP

Although it has been suggested that SRF is the leading driver of δ18OP in the tropics (Aggarwal et al., 2016),
REfrac is in fact dominant at a nearly equal number of sites, explaining the most variance in δ18OP at 15 sta-
tions (compared with 16 where SRF is the dominant factor), and the second‐most at an additional 8–9
(Figure 3a). However, while cloud type is not the sole driver of tropical δ18OP, it is clearly a leading influence
in the regions of the tropical rain belt (TRB; defined as the oceanic ITCZ plus the land‐based monsoons)
where tropical stratiform rain is most abundant (Figure S1; Schumacher & Houze, 2003a), that is, along
the oceanic ITCZ, in the IPWP, and in northwestern South America (Figure 3).
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Figure 3. Relative importance of rain evaporation, moisture flux, moisture transport direction, and stratiform rain frac-
tion for monthly average δ18OP variance at each station. (a) Relative importances, ranked from the most important pre-
dictor (top) to the least important predictor (bottom) at each site. Symbols show which predictor falls into that rank at
each station. Shading corresponds to the relative importance of that predictor, that is, the average R2 after accounting for
collinearity of other predictors, relative to the total variance explained by the model at each site (R2predictor/multiple
R2model) (Figure 2b). (b) The number of predictors at each station that can be considered a first‐order (rank 1, highest RI)
predictor of monthly δ18OP within the 90% confidence interval. Size of and color of circle corresponds to the number of
predictors.
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By contrast, in locations where stratiform rain is not easily sustained, for example outside the TRB and in
some land regions within the TRB, REfrac and moisture source play a more dominant role. This is especially
apparent in central Africa, which has some of the highest REfrac in the tropics (~0.6) but notably low SRF
(Figure S1; Dansgaard, 1964; Rozanski et al., 1993; Schumacher & Houze, 2006), potentially because while
precipitation is associated with intense mesoscale convective systems (Jackson et al., 2009), sustained con-
vection is limited by a strong diurnal heating cycle and midlevel intrusions of dry air from the Sahara that
limit the development of stratiform rain (Schumacher & Houze, 2006). Therefore, the distribution of strati-
form rain in the tropics may itself dictate the importance of cloud type for δ18OP; this relationship itself could
vary in time if the distribution of stratiform rainfall were to change substantially, which could be possible
under different land‐sea configurations such as in the IPWP during the last glacial period (Konecky
et al., 2016).

3.3. Origins of the Regional Amount Effect in the Indo‐Pacific Warm Pool

Moisture source has been suggested as an important influence on tropical δ18OP (Aggarwal et al., 2016;
Griffiths et al., 2013; Kurita, 2013; Kurita et al., 2011; Risi et al., 2012). Indeed, MF and MTD are common
secondary influences on δ18OP across the tropical rain belt region, particularly along the perimeters of the
ITCZ and in the western Indo‐Pacific warm pool (Figure 3a). The strong influence of moisture source on tro-
pical δ18OP provides a mechanistic origin for the regional amount effect noted in the IPWP (Brienen et al.,
2013; Kurita et al., 2009; Moerman et al., 2013; Schumacher et al., 2004; Schumacher & Houze, 2003a,
2003b). The regional amount effect refers to the weak correlation between δ18OP and P at the same station,
but a stronger correlation with P across a broader region (Aggarwal et al., 2016; Conroy et al., 2016; Kurita
et al., 2009; Moerman et al., 2013; Figure 2c). Contrary to the interpretation of the amount effect in these stu-
dies, this phenomenon cannot originate from bulk precipitation microphysical processes occurring in local
precipitating clouds during monsoon season, because such processes would result in strong, not weak, cor-
relations with local P. Rather, our results suggest that boundary layer δ18Ovapor carries a strong “memory” of
previous rainout and mixing of air masses (Galewsky et al., 2016; Noone, 2012), which then influences the
resulting δ18OP when that moisture that is transported and ultimately converged. Such processes have pre-
viously been demonstrated to influence the imprint of precipitation processes on atmospheric water vapor
(Galewsky et al., 2016). In other words, both moisture source and cloud type could explain the regional
amount effect; these effects can, but need not, accompany changes in local P.

We note that the regression presented here is necessarily oversimplified. Representative variables were cho-
sen because comprehensive observations of important processes such as Rayleigh distillation do not exist.
This could explain why more than 50% of the variance in δ18OP remains unexplained by our model at nearly
all stations. Future investigations with isotope‐enabled climate models may clarify the role of such processes
relative to the processes investigated here, and may also clarify the stationarity of these relationships on geo-
logic time scales. We also note that, as future data sets become available, the conceptual framework pre-
sented here could be revised to better maximize independence between predictor terms while
incorporating as many physical processes as possible. Despite these caveats, our approach enables multiple
influences on δ18OP at a given site to be explicitly examined, which will aid the interpretation of δ18OP in
terms of modern and past climate.

4. Implications for ITCZ Reconstruction Under Past Climate States

The empirical amount effect reflects the influence of as many hydroclimatic processes as influence P itself,
but fails to capture a host of other key influences on δ18OP variability. This is because P itself is an unreliable
integrator of regional‐scale hydrological balance. While many previous investigations have highlighted one
specific mechanistic origin of the amount effect, results here show that no single category of fractionating
processes (Figure 1) can explain δ18OP on its own. At most sites, two or three predictors could be considered
first‐order when accounting for the 90% bootstrapped confidence interval of each rank (Figure 3b). Thus, the
predominance of any single factor can be overemphasized when its collinearity with other important influ-
ences are not accounted for, providing at least partial reconciliation of prior controversy that stems from the
desire to identify a single ubiquitous cause.
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The interpretation of δ18OP variability in terms of P alone undervalues the utility of information recorded in
δ18OP variations, at best, and yields grossly inaccurate hydroclimate interpretations, at worst. Relaxing the
assumption that δ18OP reflects local P, however, enables more robust and powerful inferences of physical
climate processes using paleo‐water isotope records. For example, the competing influences of the processes
in Figure 1 could explain why proxies for P and P‐E versus proxies for δ18OP have disagreed on whether the
IPWP was wet or dry during last glacial period (Ayliffe et al., 2013; Di Nezio et al., 2016; Dubois et al., 2014;
Konecky et al., 2016; Niedermeyer et al., 2014; Wicaksono et al., 2017): at that time, the exposure of the
Sunda and Sahul shelves and weakening of the Walker circulation likely drove changes in both moisture
sources and cloud type, fundamentally altering the amount effect relationship and producing more isotopi-
cally light precipitation during periods of aridity (Konecky et al., 2014, 2016; Wicaksono et al., 2017). In addi-
tion, although 10°–20° meridional displacements of the ITCZ mean position during the Last Glacial
Maximum and the early Holocene cannot be ruled out, it is more likely that such excursions in δ18OP and
δDP reflect a combination of local precipitation microphysics, moisture source, and cloud type.

Revised interpretations of these records reveal the power of water isotope proxies: rather than revealing the
latitude Pcent or Pmax, isotopic records appear more sensitive to energetic aspects of the ITCZ that are difficult
to infer from other archives, such as the transport of moist static energy (related to surface moisture conver-
gence) and dry static energy (related to the three‐dimensional vertical circulation and mixing in the atmo-
sphere; Donohoe et al., 2013; Roberts et al., 2017). As the modern “energy flux equator” is offset from
Pcent by several degrees of latitude (Roberts et al., 2017), it should not be surprising to observe differences
in ITCZ position reconstructions via proxies for δ18OP versus proxies for P or P‐E. Moreover, because forced
changes in cross‐equatorial atmospheric heat transport are larger for an energy‐defined ITCZ versus a
precipitation‐defined ITCZ (Roberts et al., 2017), a dense, spatially distributed network of isotopic, P, and
P‐E proxies would allow multiple aspects of cross‐equatorial energy and heat fluxes to be reconstructed
side‐by‐side with precipitation impacts. Paired with continuous collections of δ18OP data during the modern
satellite era, these reconstructions will enable researchers to disentangle changes in tropical P versus
changes in interhemispheric energy balance under twenty‐first‐century climate forcings—including a pro-
jected northward migration of the zonal‐mean ITCZ (Schneider et al., 2014), decreased vertical mixing
and weakening tropical overturning circulation (Vecchi et al., 2006), and a widening of the TRB (Seidel &
Randel, 2007)—as they occur.
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