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Rainfall isotopic variability in
northern Central America driven
by regionally-organized deep
atmospheric convection and
airmass rainout

Giuseppe Lucia®16, Davide Zanchettin?, Amos Winter3, Osmin J. Vasquez*, Mario Cu-Xi® &
Matthew S. Lachniet?

Understanding the controls of rainfall isotopic composition (8180P) is essential to interpret isotopic
paleoclimate records, yet it remains challenging in areas with complex climate and varied topography,
such as northern Central America. Here, we present two years of daily rainfall isotope measurements
from Guatemala to evaluate the regional and local climatic controls on 8§80 _ variability. We show that
regional-scale convection and upstream rainout drive §'0 varlablllty and integrate multi-annual
model-based §'%0_data supporting a persistent regional control across multiple timescales, from
daily to interannual. Further, we document a consistent link between higher rainfall 120 depletion
associated with both more intense regionally-organized convective systems and larger stratiform rain
fractions. Moisture source analysis shows a dominant contribution from the Caribbean—-Atlantic, and
secondarily from the Mesoamerican continent, Gulf of Mexico, and Eastern Pacific. While changes
between dominant source regions are associated with distinct 5180p signatures, back-trajectory
analysis and a source-based isotope reconstruction demonstrate a larger upstream airmass rainout
control on the seasonal variations of 5180p. Our results suggest that 8130p in Guatemala rainfall are
sensitive to regionally-integrated hydroclimatic processes, and that isotope-based paleoclimate
records from northern Central America can provide reconstructions of past changes in regional-scale
atmospheric convection and upstream rainfall amount.

Stable isotope values of meteoric waters (H,'SO, H,'®0, and HD'®0) are powerful tracers of hydrologic and
meteo-climatic processes at multiple spatial and temporal scales!. Rainwater isotopic composition, defined as
6180 (and 8D ) relative to the Vienna Standard Mean Ocean Water (VSMOW) scale, reflects the distinct mass-
dependent isotopic fractionation during phase change processes and airmass rainout effects (i.e., condensation,
evaporation, Rayleigh distillation)®=>. Isotopic signatures of ancient rainfall can be preserved in terrestrial
archives (i.e., ice cores, tree ring cellulose, leaf waxes, speleothems) and are extensively applied as proxies for
paleohydrology and paleoclimate changes®. However, due to potentially complex climatic effects on rainfall
8180 , reliable interpretation of isotope proxy records requires a comprehensive understanding of the regional
and local climatic controls on modern 8'%0_ composition!®!1.

In the tropics, 8'80_ variability has been commonly interpreted via the amount effect, that is the negative
empirical correlation between local rainfall amount and §'*0_ at monthly or longer timescales*'?, underpinning
the interpretation of qualitive (wet/dry) paleoclimate changes in many terrestrial isotopic records'*~16. However,
some studies documented weak negative correlations between local rainfall amount and §'80 , suggesting that
processes other than the amount effect can contribute to tropical 6180P variability'!. Such processes include
changes in moisture source regions'”!3, cloud microphysical processes such as raindrop re-evaporation!'",
precipitation type?*-?2, atmospheric convective intensity*>~?°, upstream regional rainfall’’-?’, continental
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moisture recycling®®3!, and synoptic weather types*>*. A further complication is that the processes influencing
8180 variability are spatially heterogenous, so that site-specific studies are needed to disentangle the often-
competing controls on §'80 . Therefore, identification of key drivers of regional and local 8'%0 _ variability in
the tropics remains a topic of debate and ongoing research, and a prerequisite to the dynamical interpretation of
8180 changes in tropical paleoclimate records such as speleothems, lake sediments, tree rings, etc.

Understanding the controls on §'®0_ is particularly challenging in regions of physiographic and climatic
complexity such as Central America, where isotope data are spatially and temporally sparse and the narrow
landmass has high topographic relief and proximity to both the Pacific and Atlantic oceans. Modern isotope
records exist in the region, mostly from Panama®!, Costa Rica®, Mexico®**, and El Salvador”. Integrated
studies of rainfall, surface waters, and groundwater isotope data from Mexico®>*%, Guatemala and Belize*’, and
the Central American Isthmus®*-*! exhibit decreases in §'®0 from the Caribbean to the Pacific coast, consistent
with the progressive temperature-related Rayleigh distillation of Caribbean-sourced moisture moving inland
and at higher elevations of the Continental Divide3’-3*4142, Although the amount effect has been described
at various Central American locations*”*, rainfall amount-8'0_ correlations broadly diverge between sites,
suggesting that other climatic and dynamical processes may exert additional controls on §'®0_ composition.
For instance, long-term seasonal 5180P variations over the Panama Isthmus were attributed to sea-surface
temperature anomalies in the Caribbean and Eastern Pacific and to the seasonal migration and intensity of
convection in the Intertropical Convergence Zone (ITCZ)*.

Analysis of daily-to-weekly rainfall isotope values from Costa Rica showed that seasonal changes
in moisture source regions, moisture transport dynamics, and local climate conditions such as the lifting
condensation level and surface relative humidity are key drivers of short-term 830 variability. Other studies
from the Central American Isthmus also highlighted the role of stratiform rain fraction within large-scale
convective systems as primary controls of rainfall isotope composition®>4°. However, the extent to which each
of these processes control rainfall isotopic variability in northern Central America is still poorly understood.

In this study, we present a two-year isotope record (2021-2023) of daily rainfall from Guatemala (Fig. 1)
and examine climatic and dynamical processes influencing §'80  variations. We further integrate our two-year
observations with a 26-year (1998-2024) modeled §'%0_ analysis from IsoGSM4* to show that regionally-
integrated atmospheric convective strength, defined as the regional deep convection within large-scale or
mesoscale convective systems (MCS), and upstream rainfall amount control 80O _ variability on multiple
timescales, from daily to interannual. Because of this strong causality, we conclude that isotopic paleoclimate
records in terrestrial archives such as speleothems, tree rings, and lake sediments from northern Central
America should provide robust histories of past changes in regional convection, upstream rainout, and regional
precipitation amount.

43,44

Results and discussion

Seasonality and regional amount effect on Guatemalan rainfall isotopes

We collected daily rainfall samples at Coban, Alta Verapaz, Guatemala in a Palmex rainwater collector optimized
to prevent evaporation (see Sect. “Methods”). Rainwater isotope values ranged from — 17.8 to +2.6 %o for 8180
and — 127.3 to +32.3 %o for 8D, with average values of — 4.38 +3.8%o (10) and — 20.3 £ 30.5 %o (10), respectively.
The data define a Local Meteoric Water Line (LMWL) of 8D =8.23 x 8130 + 15.7 (R?=0.98, p<0. 01; Fig. 2a) that
is consistent with previously published LMWLs based on daily and monthly data from Central America®”38:42-44,
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Fig. 1. Climate settings of the study area. Wet (May-November) minus dry (December-April) rainfall and
surface wind fields for the climatological period 1998-2024. Yellow star is Coban (Alta Verapaz, Guatemala).
The wet season is associated with higher rainfall and weakened easterly trade winds. Wind vectors below 1 m/s
are not displayed for clarity. Data source: NASA GPM-IMERG V07.
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Fig. 2. Guatemalan water isotopes and seasonal hydroclimate at Coban. (a) §'80-8D relationship in
Guatemalan waters: Coban rainfall for 2021-2023 (blue circles; this study) and 2012 (yellow circles; Bernal

et al., 2023), and surface waters (white diamonds; Lachniet and Patterson, 2009). Cobdn local meteoric water
line (LMWL; solid red) is shown relative to the Global meteoric water line (GMWL; dotted black) and the
Guatemala surface water line (GUA SWL; dashed grey). Samples plotting in the evaporation zone indicate
potential post-condensation kinetic effects. Overlapping histograms of 2021-2023 seasonal 6180p show larger
variability during the May-November (MJJASON, pale green) wet season compared to the December—April
(DJEMA, red) dry period. (b) Daily and monthly climate data at Cobén and 8'%0_ during the study period.
From top: relative humidity (%), surface temperature (°C), §'*0_ (%0 VSMOW), and rainfall amount (mm).
Monthly averages are shown in bold. Amount-weighted monthly §'80 is shown in black line. Y-axis for §'%0
is plotted in reverse. Grey shading bars highlight wet season months. Data source: INSIVUMEH station at
Coban airport (see Sect. “Methods* for details).

The LMWL slope (8.2) is nearly identical to the slope defined by the Global Meteoric Water Line (GMWL)!2.
Given the strong 8'%0-8D relationship, our discussion will focus primarily on §'%0.

The Coban hydroclimate is markedly seasonal, consisting of a wet summer season from May through
November (MJJASON) and a relatively dry winter from December to April (DJFMA), with mean annual rainfall
of ~2500 mm*® (Fig. 1). These seasonal regimes reflect the interplay between latitudinal migrations of the
ITCZ, thermal conditions of the nearby ocean basins (Caribbean Sea-Tropical North Atlantic, Gulf of Mexico,
and Eastern Tropical Pacific), and surface wind dynamics and their interaction with local topography*->4.
About 75% of the annual total precipitation is concentrated during the wet season (Fig. Sla), coinciding with
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warmer regional SSTs (>27.5 °C), a northern position of the tropical rainbelt, and weaker easterly winds, which
promote deeper regional atmospheric convection, and increased moisture advection to our study site’*>. The
wet season is interrupted by a period of reduced precipitation during July-August, known as the Mid-Summer
Drought, in which steeper zonal pressure gradients within the Caribbean region linked to westward expansion
of the North Atlantic Subtropical High (NASH), strengthen the Caribbean Low-Level Jets (CLL]Js) and increase
atmospheric subsidence, suppressing regional convection®®-. The late wet season features a marked increase
in tropical cyclones, contributing to a second rainfall maxima between September-October®. In contrast,
winter precipitation is typically associated with more localized, weaker and shallow convection, and sporadic
extratropical cold surges®'.

We observe a marked seasonal signal in the §'80 data, with more negative values during the wet season
relative to the winter months (Fig. 2b), despite winter months in our study period (2021-2023) being
anomalously wet compared to the long-term (1980-2018) mean climatology (Fig. S1b). Average MJJASON
880 is — 5.54+3.8 (10) %o, while DJFMA mean 8§80 is -1.7+1.4 (10) %o. Notably, lower 830 _ values are
observed in the early (May-June) and late (September—(%ctober) wet season, bracketing a slight (318%)p increase
during the Mid-Summer Drought in July-August (Fig. 2b).

To test for a local amount effect, we correlated daily 8180P with local rainfall amount, and the two, while
significant, are only weakly correlated (R?=0.05, p<0.01; Fig. 3a), suggesting that intensity of individual local
rainfall events has limited influence on 8'%0 . The correlation becomes slightly higher during the MJJASON wet
season (R?=0.12, p<0.01; not shown), consistently with increased frequency and amount of daily precipitation.
To test for a larger-scale potential forcing, we document a much stronger relationship between Coban daily
8180 _ and spatially-integrated (3°x 3° latitude-longitude bounding box) regional rainfall amount®® (R*=0.44,
p<0.01; Fig. 3b), indicating that regional-scale atmospheric processes exert larger influence on rainfall isotope
variability. This relationship becomes even stronger when regional rainfall is integrated over 2-to-5 days prior to
sampling date (maximum correlation at t-2; Fig. S4a), suggesting that §'%0_ at Cobaén reflects rainfall processes
integrated over a 2-5-day timescale. Hence, even small or moderate rainfall events at the site can yield low §'%0
values if airmasses have undergone larger upstream isotopic depletion following rainfall events prior to the
sampling date. This temporal and spatial integration of 6180P is more strongly evidenced at monthly timescales,
where both regional and local amount effect become much more pronounced (Fig. 3c-d). The lower amount-
weighted monthly 6180p values during MJJASON are consistent with enhanced regional precipitation during
the monsoon wet season, whereby more pronounced integrated airmass isotopic depletion is associated with
organized deep convection.

Moisture source changes and upstream airmass rainout effect on §'0

To test the relationship between upstream airmass rainout, moisture dynamics and §"°O _ variability, we analyzed
the history of airmasses contributing to rainfall at Coban during our study interval (Fig. lz¢»5—86). Previous studies
have shown the changes in moisture source regions and transport dynamics can exert a strong influence on
8180 63-65 In the southern Central American Isthmus, seasonal shifts from predominantly Caribbean to Eastern
Tropical Pacific moisture were linked to the latitudinal migration of the ITCZ and surface wind convergence
over the Isthmus?*>¢,

We evaluated moisture uptake regions in air masses five days prior to the rainfall events at Cobén (see Sect.
“Methods”). Five major source regions were identified, in agreement with previous regional studies*¢:7:68;
Caribbean-Atlantic (CarAtl), Gulf of Mexico (GoM), Eastern Pacific (EPac), and the Mesoamerican (MAC)
and North American (NAC) continents (Fig. 4). The largest moisture supply to rainfall at Coban is from the
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Fig. 3. Amount effect on §'%0 in Guatemala. Local and regional rainfall amount versus daily (a-b) and
amount-weighted monthly average (c-d) §'80_at Cobdn. The stronger correlation with regional precipitation
supports a strong regional atmospheric controf on Guatemalan §'30 composition. Regional rainfall data are
spatially-averaged between 88 and 91°W and 14-17°N from NASA GPM-IMERG V07 gridded data.
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CarAtl region, accounting for~55% of total moisture contribution during the study interval. Notably, the
second most important source is the MAC region (~21%), suggesting that continental moisture recycling (i.e.,
evapotranspiration) is an important component of the regional water budget®®. The GoM and EPac regions
contribute respectively ~ 14% and 7% of total, while moisture supply from the NAC is substantially small (3%;
Fig. $7a).

To investigate the effects of changes in source regions on §'%0 , we analyzed temporal variations of §'%0
during days when a single region accounted for over 60% of total moisture uptake along the airmass trajectory
(see Sect. “Methods”). Moisture sourced from CarAtl region (amount-weighted -5.1%0 VSMOW) is persistent
year-round and exhibits marked variability with the lowest values during MJJASON (Fig. 4, Fig. S7b). A slight
increase in CarAtl-sourced 8'%0 _ is observed coevally to decreased cumulative rainfall along trajectory during
July-August, consistent with a Broader decrease in regional precipitation associated with the Mid-Summer
Drought (MSD in Fig. 4c). During the dry season (DJFMA), CarAtl sourced rainfall shows heavier isotopic
values, associated with substantial decrease in upstream rainfall. Despite near-similar cumulative rainfall to
winter months, July 8'0_ values remain more negative than dry season values because regional atmospheric
convection, while weakened during the Mid-Summer Drought, remains active compared to winter months,
maintaining upstream isotopic depletion (i.e., via moisture advection) regardless of month-to-month upstream
precipitation variability. Moisture originating from the Eastern Pacific Ocean contributes mostly during the
dry-to-wet transition (Apr-June), whereas continental moisture from the Mesoamerican region increases during
the early (June) and late (September) wet season. Both EPac and MAC-sourced 8'®0_ feature more negative
amount-weighted average 880 _ (- 8.1%o and — 6.7%o, respectively), and larger variability than moisture sourced
from CarAtl (Fig. S7b). 880 values from both regions show stronger correlation with upstream cumulative
rainfall along trajectory, consistent with a strong airmass rainout effect (Fig. 4c and Fig. S8). In contrast, GoM-
sourced moisture occurred mostly during the wet-to-dry season transition and throughout the winter months
and exhibits the least negative §'%0 _ values and lowest variability (amount-weighted — 3.8 %o).

The high 8'0_ variability observed within each source region, rather than between source regions, points to
a dominant role of source-to-site atmospheric processes in controlling §'80 _at Cob4n, independent of moisture
origin. For example, CarAtl-sourced rainfall during the winter dry season is associated with reduced upstream
rainout and lower regional rainfall amount, whereas during the wet season, enhanced regional precipitation and
upstream rainout linked to deeper regional convection, promotes heavy isotope depletion within the airmasses
reaching Cobdn (Fig. 4c and Figs. $8-59). The lowest 8'%0_ values from EPac-sourced rainfall are consistent
with increased rainout as airmasses traverse the high Central American cordilleras and enhanced regional
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Fig. 4. Moisture source and airmass rainout influence on Guatemalan §'30 . Moisture contribution to rainfall
at Coban (mm/day) from 120 h air-mass trajectories for the interval August 2021 to May 2023, grouped by
season: (a) May-November (MJJASON) and (b) December-April (DJFMA). Values are averages of all uptakes
at each grid cell (0.5°x0.5°). Colored areas represent main source regions: Caribbean-Atlantic Ocean (CarAtl;
yellow), Eastern Pacific (EPac; cyan), Gulf of Mexico (GoM; red), Mesoamerican continent (MAC; blue), and
North American continent (NAC; grey; see Sect. “Methods”). (c) Comparison between Cobén rainfall §'%0 ,
cumulative rainfall along trajectory, and regional moisture contribution. From the top: §'%0_ values for their
respective dominant source regions color-coded by main source area (n=269; see Sect. “Methods”), box-and-
whisker plot of cumulative monthly rainfall along trajectory and amount-weighted monthly mean §'%0_ (black
diamonds and line), and fractional moisture contribution of each source region to monthly rainfall at Coban.
The Mid-Summer Drought (MSD) during July-August is noted. Boxes represent 1% and 3" quartiles; whiskers
define the 5th and 95th percentiles; line is the median.
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precipitation amount (Figs. S8 and S9), influenced by the northern position of the eastern tropical Pacific ITCZ
at the onset of the wet season®®”°. In contrast, the higher amount weighted 8'%0_ values of GoM-sourced rainfall
is consistent with generally weaker regional rainfall and reduced upstream rainout (Fig. S8 and S9), leading to
less heavy isotope depletion of airmasses reaching Cobéan during the dry season (Fig. S4c), where precipitation
mostly consists of shallow, isolated convection and /or orographic rainfall linked to extratropical cold surges®!.

To quantitatively test moisture source effects on Coban seasonal §'®0_, we modeled monthly 80 using
source-specific amount-weighted mean §'80 _signatures (Fig. S7b) weighted by the fractional contribution of
each source region to monthly rainfall at Coban (Fig. S10). The source-based reconstruction does not reproduce
the observed seasonal 6§80 variability. While the reconstruction captures a slight §'30  decrease (~ 1%o)
during wet months—consistent with the increased fractional contribution of the more isotopically depleted
CarAtl, EPac and MAC regions—the overall reconstructed variability (~2%o) is substantially smaller than the
observed ~ 10%o seasonal range. This systematic underestimate of observed amplitude demonstrates that shifts in
moisture source fractional contribution alone cannot explain 6180p variability at Coban, confirming that source-
to-site atmospheric processes, and particularly upstream airmass rainout history and regional precipitation
amount effects, are more important controls on rainfall isotopic variability.

We further compare deuterium excess (d-ex; §*H-8*8'%0)* of precipitation sourced from each region
with relative humidity (RH) at the uptake region. Generally, d-ex for ocean-sourced rain days exhibits robust
correlation with source RH (Fig. S11), indicating a strong influence of boundary layers conditions during water
vapor formation. Rainfall sourced from the Gulf of Mexico has higher median values compared to other source
regions (Fig. S7¢). We suggest that the isotopic composition of northerly airmasses reaching Coban during the
dry winter season—when the GoM source is more prominent—is influenced by enhanced kinetic fractionation
at the source, possibly from evaporation in a drier boundary layer and/or larger ocean-atmosphere temperature
gradients, consistent with the higher correlation between uptake RH and d-ex in GoM dominated samples (Fig.
S11). Our findings are also consistent with studies reporting higher d-ex values in GoM-sourced rainfall over
North America’!72. Notably, MAC-sourced moisture rainfall exhibits d-ex values statistically similar to the
rainfall sourced from the Caribbean and eastern Pacific (Fig S4c) and a weak, non-significant deuterium excess
relationship with RH conditions at the uptake source locations (Fig. S11), suggesting that continental moisture
recycling is mostly dominated by plant (evapo)transpiration®”* during the early and late wet season rainfall
maxima rather than bare soil evaporation, which would enhance evaporative kinetic processes and increase
d-excess’!. This interpretation is consistent with studies supporting the influence of plant transpiration on tropical
rainfall patterns’*~7%. Future water tagging experiments and analysis of triple oxygen isotopes, particularly!’O-
excess (A"70)7778, will further allow to quantify between the relative contribution of soil evaporation and plant
transpiration to rainfall in northern Central America.

Overall, our back-trajectory moisture analysis and source-based 6180P reconstruction, along with source-
specific d-excess, strongly suggest that the distinct rainfall isotopic signatures between seasons at Cobdn are
largely decoupled from changes in moisture source region alone, and instead are primarily driven by seasonal
changes in source-to-site atmospheric processes.

Regional-scale organized convection control on §'80_ variability

Several studies concluded that tropical rain type (convective vs. stratiform’®) is a dominant factor controlling
8180 variability?*-?2%5, based on the strong correlation between 80 _ and stratiform rain fraction documented
at many tropical sites, including the southern Central American Isthmus?'#°. Convective rainfall is characterized
by strong vertical air motion and higher precipitation intensity, and can occur as large-scale organized and/or
mesoscale convective systems (MCS) or as isolated, shallow cloud cells (mostly cumulus and cumulonimbus)®.
In contrast, stratiform rainfall is typically associated with weaker vertical motion and lower-intensity rainfall®!,
and mostly develops from the decay of older convective systems or co-existing with deep, active convective
cells within large-scale or mesoscale convective complexes®®®2, Within this framework, lower 830  values
have been associated with a higher fraction of stratiform rain, while higher §'%0  values were linked fto larger
proportion of convective rain?**!, whilst the physical mechanisms underlying these differences remain largely
disputed2°’23’24'83’84.

Over two-thirds of mean annual rainfall occurring during the wet monsoon season in northern Central
America is associated with the large-scale organized, deep convective systems, in which convective and stratiform
rainfall often coexist®®®>. Hence, we focus on the relationship between regional-scale convective activity and
stratiform rain fraction and their effects on §'0 _ variability, rather than on the distinct isotopic signature of
convective and stratiform rain type. We compare stratiform rain fraction (F_) and outgoing longwave radiation
(OLR)—a measure of cold top-cloudiness widely applied as a proxy for regional deep convection?*8286-89__
from satellite data (see Sect. “Methods”) with daily and monthly §'%0_ values at Cobén. Generally, lower OLR
values (<220 W/m?) indicate higher cloud energy absorption, reflecting colder top-clouds, and more vigorous/
deeper convection®®0. We find a strong co-variation between changes in regional-scale organized convection,
stratiform rain fraction and §'80 variability (Fig. 5). Lower OLR (deeper convection) over the regional domain
encompassing our study site is associated with higher proportion of stratiform rain and lower 80 _ values.
Conversely, more positive §'%0  are coupled to higher OLR and reduced F. The strong and significant
correlation between 8'%0 and OLR observed at both daily (R?=0.60, p<0.01; Fig. 5a) and monthly (R?=0.83,
p<0.01; Fig. 5d) scales suggests that variations in §'80_ at Cobén capture regional-scale changes in the broader
atmospheric convective activity. We also observed significant correlations between Coban 80 and F
(R?=0.30, p<0.01 for daily; R2=0.61, p<0.05; Fig. 5b and d, respectively), supporting a link between stratiform
rain fraction and 830 _ variability, in agreement with other tropical isotopic studies?"*>. Our data show that
regional-scale convective activity is the dominant control on 880 , with a secondary control by stratiform
rain fraction. The robust linear relationship between OLR, F_, and glsOp further supports the primary role of
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Fig. 5. Influence of regional-scale convective activity and stratiform rain fraction on Guatemalan §'80
Correlation between Cobén 8'%0 ; outgoing longwave radiation (OLR), and stratiform fraction (E ) for daily
(a-c) and monthly (d-f) timescales. OLR and stratiform fraction data are spatially-averaged between 88-91°W
and 14-17°N. Correlation are for n=335; all p-values are adjusted for effective degree of freedom (N,g). See
Supplementary Table 1-2. Data source: ERA5 (OLR) and GPM DPR 2AKu (F).

organized deep convection in modulating rainfall isotope variability. Most importantly, our findings underscore
that the influence of stratiform rain fraction on 8'®0 _ is closely linked to strength and organization of regional
convective systems, rather than an independent control on isotopic composition.

Previous studies have extensively discussed the multiple mechanisms driving heavy isotopic depletion within
organized convective systems*#2>°1-4, Most theoretical and observational studies agree that increasing cloud-
top altitude within deep convective core cells enhances net condensation and heavy isotope depletion through
rainout. As the convective systems develop, isotopically-depleted water vapor from the downdraft is recycled
in the updraft region at the sub-cloud layer within the convective core cells. Thus, increasing strength/depth of
convection intensifies heavy isotope distillation, resulting in isotopically light water vapor supply to subsequent
precipitation’>?2. Within large-scale and mesoscale convective systems characterized by a large stratiform rain
area, low-8'%0 water vapor from the convective core region is advected into the stratiform region at mid-high
tropospheric levels, imprinting lower 8'30 signatures to the 8'30_ of the stratiform rain area?*°!.Hydrometeor
growth within the stratiform region by aggregation of low-8'%0 tropospheric water vapor® further contributes
to 8'%0_ decrease. While our study does not aim to solve the ongoing debate about the role of stratiform and
convective rain type in modulating 8'30 _ across the tropics?®?*#?, our findings suggest that at our study site the
prior-convective isotopic imprinting-effect?* and low-8'%0 tropospheric hydrometeor aggregation in stratiform
regions?” are not mutually exclusive, and both contribute to explain heavy rainfall isotopic depletion within
large-scale, organized deep convective systems (i.e., during the wet monsoon season). Thus, we propose that
8180 variations in northern Central America are driven by the strength of organized deep convection and,
consequently, by the changes in stratiform rain proportion. These results are consistent with observations
and modeling studies across the tropics suggesting that within large scale-convective systems, moisture in
stratiform regions is primarily inherited from earlier or coeval convective core cells, and that further isotopic
depletion within the stratiform area through tropospheric water vapor aggregation results in lower §'%0  at the
surface2>24,84,89.9192,94 P

We also found a strong positive correlation between §'0_ and OLR in rainfall sourced from each of
the source regions (EPac, MAC, and CarAtl), and a weak correlation with GoM-sourced rainfall (Fig. S12),
consistent with the marked seasonality of convective activity in the region. Thus, more negative §'®0_ values
coincide with increasing wet-season large-scale, organized convective activity and larger rainout of airmasses
originating mostly from CarAtl, EPac and MAC regions, while weaker, localized convection is associated with
isotopically heavier rainfall originating from the GoM and CarAtl regions during the winter season.

Our interpretation of a regionally-integrated signal recorded in Guatemalan rainfall isotopes is supported by
the strong spatial coherence between Cobén §'%0 , OLR and rainfall gridded data (Fig. 6). On daily timescales,
both OLR and rainfall integrated over 2-3 days prior to rainfall measurement at Coban exhibit the strongest
correlation with 880 , extending broadly across the Caribbean Sea, Gulf of Mexico and Central American
landmass (Fig. 6A and B), supporting that upstream organized convective activity and regional precipitation
contribute to moisture 80 depletion delivered to our study site.

To further evaluate the spatial and temporal persistence of these regional atmospheric controls on §¥0
beyond our 2021-2023 study interval, we integrate our measurements with model-based §'%0 _ from
IsoGSM4Y, an isotope-enabled general circulation model with ~ 50 km horizontal resolution that incorporates
water isotopes within the ocean, atmosphere and land, allowing robust analysis of regional hydrologic processes
within heterogeneous terrains such as Central America. [soGSM4 data spatially-averaged over both local (2
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Fig. 6. Spatial correlation maps of measured 6180P and gridded OLR and rainfall data. (a) Correlation
between Coban daily §'®0_and OLR averaged over two days prior to sampling date for the 2021-2023 study
interval; (b) Correlation between daily §'®0_ and integrated-rainfall over three days prior to rainfall day; Only
significant correlation (p <0.05) is shown. The yellow triangle in (a and b) shows Cobén location.Data source:
ERAS5 (OLR), GPM-IMERG V07 (rainfall).

grid cells centered at Cobdn) and regional (14-17°N, 88-92°W) domains were evaluated against our daily and
monthly 8'0 _ data (Fig. S13; see Sect. “Methods”). We found a stronger correlation for the regionally-averaged
domain (R2=5.65, p<0.01) than for the local domain (R?=0.41, p<0.01), consistent with our interpretation
that 8'80_ variability at Coban is influenced by broader regional-scale hydroclimatic processes. We therefore
use the regionally-averaged IsoGSM4 880 to test the spatial relationship over a broader temporal interval
(1998-2024; Fig. 7). The IsoGSM4-based spatial correlations over the 1998-2024 period show that atmospheric
convection and regional precipitation controls on §'80 _ persist beyond our 2021-2023 study interval, suggesting
that the regional convective and rainout controls on 8'30 _ are persistent features of the regional hydroclimate
across multiple timescales, from daily to interannual. Further, IsoGSM4 regional 830 _ fields also reveal a
pronounced seasonal contrast in the spatial pattern of isotopic variability across the broader Central American
and Caribbean region (Fig. S14). Most importantly, during the wet monsoon season the modeled monthly 6180P
exhibits coherent and significant spatial correlations with OLR, vertically-integrated moisture flux convergence
(VIMEFC), and precipitation amount across Central America and the broader upstream Caribbean domain.
Contrarily, no clear and/or coherent correlation is observed between §'%0_ and regional climate variables
(except OLR) during the dry season, consistent with more localized convective rainfall and the lack of large-
scale, organized convective systems (Fig. 7).

During the wet season, more intense and organized convective systems develop over and upstream of our
study site, linked to warmer regional SSTs within the AWP and a northern shift of the tropical rainbelt>>>>%,
Weakening of the zonal trade winds and reduced atmospheric stability over the Caribbean favor the development
of large-scale organized convective systems, increasing moisture flux convergence over Central America (Fig.
S14-S15). The resulting increase in deep convective activity contributes to the inverse relationship between
8'80_ values and more intense regional precipitation®*! (Fig. 7). In contrast, dry season rainfall at Cobén is
typically associated with shallow convection and exhibits higher 6180P values (Fig. S14b). As previous studies
have shown?*2, net condensation in isolated, shallow convective clouds occurs at lower tropospheric levels
and results in less heavy isotope distillation and less negative §'%0_ values. Most winter months within our
study interval show precipitation amounts exceeding the climatological mean (1980-2018; Fig. S1b), suggesting
that, despite increased frequency, the weaker intensity of shallow convective rainfall—relative to wet season
large-scale deep convective systems—was associated with reduced airmass heavy isotope depletion and higher
880 values at Cobdn, confirming that convective intensity rather than local rainfall amount drives the isotopic
seasonal signal.

Summary and implications for isotope-based paleoclimate reconstructions

Our analysis of rainfall isotopes from Guatemala provides key insights into the regional hydroclimatic controls
on §'¥0_ variability in northern Central America. We identify a strong seasonal pattern in our daily §'%0_ data
that is not explained by changes in local rainfall amount. Instead, §'0 _ variability is more strongly associated
with regional atmospheric processes, primarily regional-scale, organizecf deep convection and upstream rainout
processes. soGSM4 model-based isotope data further support our interpretations, showing that the relationship
between large-scale atmospheric convection, regional precipitation amount, and §'80 _is persistent on multiple
timescales, from daily to interannual. Further, our study shows that the application of high-resolution isotope-
enabled climate models like [soGSM4*” provides useful tools to complement site-specific isotope observations
and test for regional hydroclimate dynamics, particularly for regions where rainfall isotope data are spatially
scarce.
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Fig. 7. Spatial correlation maps of IsoGSM4 amount-weighted §'80 (%0 VSMOW, averaged over the black
square area) and gridded ERA5 outgoing longwave radiation (OLR, W m~2, a-b), ERA5 vertically integrated
moisture flux convergence (VIMFC, kg m? s}, c-d), and IMERG rainfall (mm/day, e-f) for the wet (left) and
dry season (right). The coherent spatial patterns observed among all variables during the MJJASON suggest
larger influence of wet season atmospheric processes on Guatemalan rainfall isotopes. Enhanced moisture
convergence to Central America during MJJASON is coupled with stronger regional atmospheric convection
(lower OLR) and higher rainfall amount over and upstream our study area, contributing to larger airmass

130 depletion and lower 8'30 _ values at our study area (black square). White area represents region of non-
significant correlation (p>0.05).

Taken together, our findings indicate that rainfall isotopes in northern Central America reflect a regionally-
integrated hydroclimatic signal that is modulated by strength and organization of convective systems and
upstream source-to-site precipitation amount. Further, the persistent seasonal §'%0_signal observed on multiple
timescales suggest that §'%0 _ is largely dominated by regional monsoon convective variability. We thus posit
that isotope-based paleoclimate archives recording variations in §'80 _ (or 8D), such as speleothems, leaf-waxes
and tree rings in humid environments, as well as open-system lake records from northern Central America can
be interpreted as proxies of regional hydroclimate dynamics and changes in the broader monsoon convection.
The addition of moisture-sensitive proxies beyond oxygen and hydrogen stable isotopes can help to confirm
the coupling of regional to local hydroclimates®®*”. Furthermore, because of the unique d-ex values of rainfall
sourced from the Gulf of Mexico and the significant moisture contribution from the Mesoamerican continent to
our study area, speleothems may also hold promise for A’'O analysis as a paleo-moisture source proxy”®. Our
study thus underscores the importance of applying stable isotopes to understand the links between regional and
local climate dynamics to improve interpretations of regional paleo-proxy records, and further highlights the
need for expanding isotope monitoring networks in understudied regions like northern Central America, where
the impacts of climate change are already affecting millions of people.

Methods

Rainwater sampling and isotopic analysis

Daily rainfall was collected in the city of Cobdn, Alta Verapaz Department, Guatemala (15.47°N, 90.38°W)
from July 20, 2021 to May 28, 2023 using a passive rain collector (Palmex RS1, Zagreb, Croatia). No rainfall
volume was measured at the sampling site. Rainwaters were filtered in the lab using 0.45 um nylon filters,
transferred to HDPE 30 ml bottles, tape-sealed and stored at temperature of ~4 °C until analysis to prevent
post-sampling evaporation. Isotope measurements were made at the Las Vegas Isotope Science Laboratory
(LVIS) of the University of Nevada Las Vegas and at the Center for Stable Isotopes (CSI) of the University
of New Mexico (Albuquerque, NM). Rainfall collected between July 2021 and July 2022 were analyzed at the
CSI-UNM laboratory facilities using a cavity-ring down spectroscopy Picarro L1102-I Water Isotopic Analyzer,
and samples from August 2022 to May 2023 were measured at the UNLV-LVIS laboratory using a Picarro
L2140-1 water isotope analyzer. Unknown sample values were bracketed with internal standards calibrated to
international standard scale VSMOW-SLAP. Cross-laboratory measurements were performed to further test
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replicability analysis between laboratories and yielded virtually identical isotopic values. Data are reported as
8-values relative to VSMOW in %o. Analytical precision is 0.1-0.2 %o for §'30 and 0.5-0.8 %o for §°H.

Data collection

Daily data of surface temperature, rainfall amount, and relative humidity were obtained from the meteorological
station of the Instituto Nacional de Sismologia, Vulcanologia, Meteorologia e Hidrologia (INSIVUMEH) at the
Coban airport, approximately 5 km from our rainfall sampling site. Gridded precipitation data (0.1°x 0.1°spatial
resolution) were acquired from the NASA Global Precipitation Measurement (GPM) IMERG V07 at hourly
(GPM_3IMERGHH), daily (GPM_3IMERGDF), and monthly (GPM_3IMERGM) timescales®?. Outgoing
longwave radiation (OLR), defined as the top of the atmosphere cold cloudiness related to the depth and height
of convective clouds, was used as a proxy for regional convective strength. OLR data were calculated at hourly,
daily, and monthly scales from the mean top net longwave radiation flux data obtained from the ECMWEF
Reanalysis v5 (ERA5) data (0.25°%0.25° spatial resolution). Calculated daily and monthly ERA5 OLR were
evaluated against OLR data from the University of Maryland Climate Data Record (UMD CDR, http://olr.umd.
edu/)1%010L respectively having 1°x 1° and 2.5° x 2.5° spatial resolution (Fig. S16). Vertically-integrated moisture
flux convergence (VIMFC) was calculated as the negative of moisture flux divergence gridded data, obtained
from the ECMWF Reanalysis v5 (ERA5) data (0.25°x 0.25° spatial resolution) for the 1998-2024 period. Daily
stratiform rain fraction (F) data were obtained from the Ku Band precipitation profile of the NASA GPM
Dual-Frequency Precipitation Radar (DPR) Level 2A product!?? The DPR satellite has a swath width (horizontal
coverage) of 245 km, and orbits at an altitude of 407 km and a 65-degree inclination, requiring approximately
10 days and 164 orbits to cover the entire equatorial region?1%2, Therefore, daily stratiform fraction data were
not available for all precipitation days during our study interval. To address this limitation, we estimated F_
for days with no satellite coverage based on the relationship between area-averaged precipitation amount and
F following Munksgaard, et al.2! and Sanchez-Murillo, et al.**. In the tropics, stratiform rainfall is generally
associated with larger rain area compared to convective rainfall'®. Thus, higher F_ likely results in higher area
averaged rainfall amount?"9104, We found a strong logarithmic relationship between area averaged daily
rainfall amount and F, over the 3°x 3° domain (14-17°N, 88-91°W) encompassing our study site for the period
2018-2025, extending beyond our study interval to sample size and improve regression robustness (Fig. S17),
and applied this regression to estimate F for the missing days during our 2021-2023 study interval. Rainfall,
OLR, and F, data were all extracted within the same 3°x 3° domain (14-17°N, 88-91°W) and spatially-averaged
prior to correlation analysis. Modeled 8'%0 _ data were retrieved from the Isotope-incorporated General Spectral
Model Version 4 (IsoGSM4)*, publicly available upon author request at https://zenodo.org/records/14676105.
IsoGSM4 is the latest high-resolution (~ 50 km) implementation of the IsoGSM model family!°>1%, nudged to the
25 km ERA5 reanalysis data, providing significant advance in reproducing regional climate processes, including
for regions with highly heterogeneous terrains (i.e., Central America). We extracted daily and monthly §'30
data from two spatial domains, local (2-grid cell spatial scale centered at Coban) and regional (3°x 3° bounding
box, 14-17°N, 88-91°W) and compared with our §'80 measured at Cobén (Fig. $13).Only IsoGSM4 daily data
with precipitation>0.1 mm/day (Filtered_0.1_mm_per_day) were used to reduce numerical noise associated
with small precipitation rates?. Overall, [soGSM4 data reproduce our 8'30 _ values quite well. However, we
found a stronger correlation between measured §'%0 and regionally-averaged IsoGSM4 §'%0  (R?=0.65,
p<0.01) compared to local (R*=0.40, p<0.01), supporting a stronger regionally-integrated component of
Coban 8180 . Therefore, we retrieved IsoGSM4 amount-weighted monthly 6180p from the regional domain for
the period 1598—2024 and compared with OLR, VIMFC, rainfall data.

Air-mass trajectories and moisture uptake analysis

To examine moisture history reaching Coban throughout the sampling period (July 2021-May 2023), air-mass
trajectories for each rainfall date (n =335 days) were modeled using Pysplit'°”1%, a Python-based interface of the
NOAA’s Air Resources Laboratory (ARL) Hybrid Single-Particle Lagrangian Integrated Trajectory (HYSPLIT)
model'”. Trajectories were initiated from the sampling site (15.47°N, 90.38°W) at an elevation of 1500 m above
ground level (m agl), and run 120-h backwards (5 days prior to rainfall day) four times daily (UTC-6 06, 12, 18,
and 00). Lagrangian modeling studies have shown that water vapor residence time in the atmosphere varies from
2-3 days up to 15 days in some locations!!®. We selected a 5-days interval as representative of global average
moisture residence time!!"!2 consistently with previous regional studies®®!!3, as well as to reduce uncertainty
with increasing time integration. Because most atmospheric water vapor is found within the first 2000 m above
ground level (m agl)!!%, we selected an elevation of 1500 m agl (roughly equivalent to 850 hPa level) as the starting
vertical height, in agreement with previous studies®*!!>!16. Global Data Assimilation System (GDAS1) gridded
reanalysis data (downloaded at https://www.ready.noaa.gov/data/archives/gdas1/) with a horizontal resolution
of 1° and 23 vertical levels were used as input for trajectory calculations. While modelled trajectories provide
a general framework of air-mass motions, effective moisture uptake does not occur along the entire trajectory
but only in some locations and under specific conditions'!”. We thus modeled the regions of effective moisture
uptake along air-mass trajectories following the method of Sodemann, et al.!'”, which has been successfully
applied in numerous isotope studies!”!'¢118:119 Moisture change (Aq) within an air parcel reflects a net balance
between evaporation (uptake) and precipitation (removal). We calculated changes in specific humidity (Aq, g/
kg) from trajectory data at intervals of 6 h (t -t ). Locations where Aq>0.2 g/kg and within the planetary
boundary layer (defined as the lowest atmospheric layer directly influenced by surface processes) were selected
as effective moisture uptake from surface evaporation!'®20, Aq values that fulfilled our selection criteria were
binned into a 1°x1° gridded map. Five main source regions were identified, based on the distinct oceanic
sources and to distinguish between continental and oceanic regions, in agreement with previous regional
studies®®4268113.121; Caribbean-Atlantic (CarAtl), Gulf of Mexico (GoM), Eastern Pacific (EPac), Mesoamerican
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continent (MAC), and North American continent (NAC). For each trajectory (d), we calculated the fractional
moisture contribution (frj) of each source region (j) as follows:

> ier, A (i, d)

(1)
S Aq(i,d)

fri(d,j) =

where Aq(i,d) is the moisture uptake at grid point i on day d, R is the total number of grid points assigned to
source region j, and N is the total number of grid points in the source region. Fractional moisture contribution
from each region was then weighted for the rainfall amount at the sampling site following®*:

ey Pafri
Zd:l Py

where Pw: is the precipitation-weighted moisture contribution (in %), # is the number of trajectories, Pd is the
rainfall amount at the sampling site on day d and fr, is the fractional moisture contribution at each grid point in
each region. Daily rainfall oxygen isotope values measured at the sampling site were then assigned to a dominant
source region where fractional moisture contribution from that region was > 60% of total uptake along trajectory.
Based on this threshold, n=269 §'0_ values were assignable to a dominant source region, while n=66 §'30
days that had multiple contributing sources regions were excluded from the analysis. Cumulative precipitation
along-trajectory ( CPW.) was calculated for each rainy day:

)

PW]' =

t=n
CPuj =Y _P(t),, 3)
t=0

where P is the rainfall amount at time t along the trajectory, while x and y are latitude and longitude, respectively.
Rainfall data at x and y were extracted from the GPM_3IMERGHH hourly data.
Source-based monthly §'°0  was computed as:

350, (m) =Y fry (m) x 60, (4)

where fr (m) is the monthly precipitation-weighted fractional moisture contribution of source region j for month
m, and 6180P,‘ is the source-specific amount-weighted mean isotopic signature derived from the n=269 rainfall
days assigned’ to a dominant source region (fractional contribution >60%; see above; Fig. S7B); fr(m) is defined
as S.(m)/P(m), where S.(m) is the monthly precipitation amount attributed to source region j, calculated from
the daily fractional contributions f,(d) (Eq. 1) weighted by daily precipitation Pd, and P(m) is the total monthly
precipitation amount at Cobén. A 95% confidence interval of the monthly reconstruction was estimated using
a Monte Carlo simulation (n=10,000), in which random values within the standard error of the source-specific
amount-weighted §'80_ values were selected at each iteration, and derived from the 2.5th and 97.5th percentiles
(green shadow in Fig. S10).

Data treatment and statistical analysis

Correlation analysis was computed in MATLAB (MathWorks, License version 2023a). Correlation significance
(p-value) was calculated accounting for data autocorrelation and adjusting for effective degree of freedom
according to the method of Dawdy and Matalas'?%. A non-parametric Kruskal-Wallis test'?* was used to assess
differences in d-excess median values among moisture source regions. For significant differences (p <0.05),
p-values were adjusted using the Dunn-Sidak pairwise post hoc method!?>124,

Data availability

Rainfall isotope data produced in the study are available in the Supplementary Data file and accessible at Wate-
rIsotopes.org (https://wateriso.utah.edu/waterisotopes/pages/data_access/oipc.html). Mean top net longwave
radiation flux data used to calculate OLR data and Vertical-integrated moisture flux convergence are accessible
at https://cds.climate.copernicus.eu/datasets. OLR used to validate calculated OLR data were downloaded at
UMD CDR (http://olr.umd.edu/). Precipitation and Stratiform rain fraction data were downloaded at https://
disc.gsfc.nasa.gov/. Meteorological data for Hysplit back trajectory analysis were downloaded at https://www.re
ady.noaa.gov/data/archives/gdas1/. ISOGSM4 data are accessible (upon authors’ permission) at https://zenodo
.org/records/14676105. Custom MATLAB codes used for the computation of fractional moisture contribution,
moisture source-based monthly §180p time series, and ISOGSM4 model-data validation are available from the
corresponding author upon reasonable request.
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