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where water resources are vulnerable. The purpose of this study was to develop and apply a
Bayesian approach which incorporates isotopic uncertainties and evaporative effects on isotopic
compositions to determine the MRE of 680 surface water sources from Central America. Differ-
ences were assessed between results from our approach and those from other isotope-based
methods that do not account for these factors.

New hydrological insights for the region: Different MRE patterns were identified for Pacific and
Caribbean basins, which were characterized by distinct isotopic signatures: 1) the Pacific slope
had recharge occurring at higher elevations relative to the source mean catchment elevation
(MCE) and 2) the Caribbean slope had recharge largely occurring at elevations lower than the
MCE. These relationships were quantified: MREp = 1.072 (MCE) + 45.65 (Pacific: = 0.93, error
= 144 m); MRE; = 0.9493 (MCE) — 28.24 (Caribbean: P = 0.83, error = 190 m). The MRE,
surface water site elevation (SWSE), and MRE-SWSE differences were generally greater on the
Pacific slope, which hosts most of the region’s population. Bayesian MRE estimates were on
average lower than MREs obtained using other methods and may better approximate the actual
(recharge-weighed) MRE, suggesting that the inclusion of isotopic uncertainties, evaporative
corrections, and recharge likelihoods all positively effect MRE estimations.
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1. Introduction

Information regarding spatial distributions of recharge and the factors that control these distributions is essential for water
managers in the face of expanding populations, rapid urbanization, and changes in land use and climate. These stressors affect the
quantity and quality of water available and therefore can have long-lasting social, political, and environmental implications (Cosgrove
and Loucks, 2015). Mountainous regions are particularly sensitive to hydrologic modifications (Alexander et al., 2007; Diaz et al.,
2003; Dodds and Oakes, 2008), and are often overlooked in policy and management plans due to their complicated topography and
hydrological uncertainties such as those associated with runoff and recharge processes and how these processes respond to distur-
bances (Ariza et al., 2013; Krecek and Haigh, 2019). However, these regions contain headwaters distinguished for their role in
recharging surface water and groundwater resources (Krecek and Haigh, 2000). They supply freshwater to a large portion of the
world’s population through discharge transported to lower-lying areas (contributing 20-50 % of the total discharge in humid areas and
50-90% in arid regions (Viviroli and Weingartner, 2004)) and also support approximately one-quarter of the world’s terrestrial
biological diversity (Spehn et al., 2010). As such, the characterization of recharge patterns across mountainous regions can help inform
conservation and protection practices to ensure adequate freshwater supply and ecosystem services maintenance.

Topographic relief produces distinct gradients in the isotopic signatures of precipitation resulting from the altitude effect, or the
phenomenon of § 80 and & 2H becoming more depleted with increasing elevation (Dansgaard, 1964). Consequently, stable isotopic
lapse rates have been leveraged to provide insight into the spatial and temporal dynamics of recharge elevation in many mountainous
regions (Ambach et al., 1968; Bhat and Jeelani, 2015; Eastoe and Towne, 2018; Gat and Dansgaard, 1972; Gonfiantini et al., 2001;
Jeelani et al., 2018; Jung et al., 2019; Koeniger et al., 2017, 2016; Longinelli and Selmo, 2003; Matiatos and Alexopoulos, 2011;
O’Driscoll et al., 2005; Paternoster et al., 2008; Sanchez-Murillo et al., 2016; Sanchez-Murillo and Birkel, 2016; Sappa et al., 2018;
SaravanaKumar et al., 2010; Saylor et al., 2009; Siegenthaler and Oeschger, 1980; Vespasiano et al., 2015; Winckel et al., 2002;
Yamanaka et al., 2015; Yamanaka and Yamada, 2017; Zhu et al., 2018). The lapse rates are typically determined based on the 80,60
(5*80) and 2H/H (8H) ratios of precipitation collected at different elevations in the study area. As 0 and 2H can vary widely
between rainfall events (Clark and Fritz, 1997), this method requires sampling over a long period of time (at least four years; Putman
etal., 2019) and therefore can be inhibited by financial or logistical constraints (Longinelli and Selmo, 2003). An alternative approach,
described as the “small spring method” (Vespasiano et al., 2015), involves sampling shallow groundwater from springs instead. The
seasonal changes exhibited by groundwaters are minor, so they can be used to constrain the lapse rate in a shorter timeframe (i.e., one
year or less; Sanchez-Murillo and Birkel, 2016). However, this method is only valid where the groundwater is immature, the springs
have small upstream catchments, and there are small differences between the spring and the recharge elevations. Further studies have
conducted spatial analysis of stable isotopes using Geographic Information Systems (GIS). Isoscapes (i.e., isotope landscape mapping;
Bowen, 2010) have been shown to provide fairly accurate predictions when derived from the interpolation of geographically
distributed isotopic observations or developed by process-level models to predict the isotopic composition at a given location (Bowen
and Good, 2015). Models that include parameters relating isotopic compositions to climatic and/or geographic variables often
outperform “space-only” interpolations (e.g., nearest neighbor, inverse distance-weighting, etc.), with errors reduced by 10-15 %
(Bowen and Revenaugh, 2003). Yamanaka and Yamada (2017) thus used multiple regression to construct hydrogen and oxygen
precipitation isoscapes for Central Japan, where '%0 and §?H were functions of latitude, longitude, and elevation. Then the models
were used to estimate the mean recharge elevations (MREs) of tap water sources.

Unrestricted to mountainous settings, different combinations of stable water isotopes 520 and §2H, other geochemical tracers
including 3H, 14C, and the noble gases (He, Ne, Ar, Kr, and Xe), hydrochemical data, and physical data have frequently been used
together to inform geostatistical techniques (Lentswe and Molwalefhe, 2020), machine learning algorithms (Pourghasemi et al., 2020),
and simulation models (da Costa et al., 2019; Meredith et al., 2011; Mosase et al., 2019) to constrain the spatial distribution of actual or
potential groundwater recharge within catchments. Similar datasets have been combined to characterize factors which influence
stream network discharge by identifying sources and seasonal dynamics of surface runoff (Tetzlaff et al., 2007) and river recharge (Guo
et al., 2017) and to assess catchment water balances (Karim and Veizer, 2002). These combined approaches are often preferable to a
single dataset approach, because each tracer and physically-based method is associated with significant uncertainties (Hall et al.,
2020). For example, the current methods using stable isotopes do not consider uncertainties in measured isotopic compositions, and as
these methods have mainly been applied to study groundwater sources, secondary processes occurring after precipitation are assumed
to be insignificant. However, evaporative fractionation can occur in the soil during infiltration and affect original isotopic composi-
tions (Sanchez-Murillo and Birkel, 2016; Sprenger et al., 2017; Vespasiano et al., 2015; Winckel et al., 2002).

Our primary objective was to develop a probabilistic interpretation of the approach outlined in Yamanaka and Yamada (2017) that
captures both the uncertainties in isotopic values as well as potential isotope fractionation due to evaporation. First, we developed a
statistical method for estimating the MRE of groundwater and surface water sources by incorporating stable isotopic compositions
within a Bayesian framework. In the surface water context, mean “recharge” elevation refers to instances where precipitation is
directly contributing water to streams. Second, we applied our approach to estimate the MRE of surface water samples collected from
streams in Panama, Costa Rica, Nicaragua, Honduras, and El Salvador and examined regional MRE patterns as well as relationships
between MRE and catchment properties. Third, we compared resulting MREs to those obtained using simpler isotope-based methods.
The differences between estimated MREs and sample elevations were also calculated as justification for improved management of
mountainous regions. The results can inform governmental institutions and non-governmental organizations in Central America and
raise awareness regarding conservation and protection of critical recharge zones. The methods developed here may also contribute to
the understanding of recharge dynamics in other regions where isotopically informed geospatial models are becoming robust and more
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widely applied to improve water resources planning (Dehaspe et al., 2018; Jasechko and Taylor, 2015; Taylor et al., 2012; Villegas
et al., 2018).

2. Materials and methodology
2.1. Study area

The Central American countries of Panama, Costa Rica, Nicaragua, Honduras, and El Salvador are located between 7° and 16 °N
latitude and 77° and 90 °W longitude (Fig. 1). These countries constitute 74.87 % of the total land area and ~65 % of the total
population of Central America. Central America has a total land area just over 524,000 km? and is home to more than 47 million
people. Over 27 million people currently live in urban areas (mainly in the Pacific domain), but at modern rates of population growth
and urbanization, an additional 25 million are predicted to live in cities by 2050 (Maria et al., 2017). Although there have always been
restrictions on certain high-risk activities in recharge areas, deliberations to regulate urban expansion in these areas are incipient.
Many of the region’s surface water resources are already degraded due to indiscriminate urban and industrial waste disposal, as well as
uncontrolled agricultural-related activities such as deforestation (Castillo et al., 1997; Parello et al., 2008; Silva et al., 2015). As a
result, the region is highly dependent on groundwater extraction (estimated at ~1.9 x 10'° m3yr™1), however, virtually all of the
aquifers supplying Central American metropolitan areas indicate overexploitation (Ballestero et al., 2007).

The region is also characterized by an unequal distribution of water both spatially and temporally. A volcanic arc that extends north
to south across the region divides Central America into Pacific and Caribbean draining basins. The Caribbean slope drains 70 % of the
region and has the largest rivers and watersheds, however ~70 % of the population lives on the Pacific slope, where there is higher
economic activity (Leonard, 1987). On the Pacific slope, heavy rains and river flows occur mainly between May and November. The
beginning of the rainy season in May is associated with the latitudinal migration of the Intertropical Convergence Zone (ITCZ) over the
Central America region, which leads to the development of convective activity and cyclonic circulation. By July and August, the ITCZ
has moved north of the region causing precipitation to decrease along the Pacific coast, known as the mid-summer drought or MSD. At
the same time, precipitation increases to a maximum along the Caribbean slope resulting from orographic forcing of
Caribbean-sourced moisture transported directly across the region by the northeast trade winds (Magana et al., 1999). The Caribbean
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Fig. 1. Map of the study area indicating sampling sites, including precipitation sites (yellow stars) and surface water sites (pink circles). The black
line extending parallel to the Pacific coastline represents the volcanic arch that divides the region into Pacific and Caribbean basins.
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Sea provides the dominant source of moisture to the region (Duran-Quesada et al., 2010) so that the Caribbean slope experiences a
relatively homogeneous precipitation regime throughout the year. It receives greater annual rainfall than the Pacific slope, which
experiences a rain shadow effect due to the presence of the central mountain range. These contrasting precipitation modes reflect the
interaction of sea-surface temperatures (SSTs), air circulation processes, and topography, which are the primary controls on regional
climate (Saenz and Duran-Quesada, 2015; Taylor and Alfaro, 2005). Temperature varies from the coastal lowlands to the mountains,
but seasonal fluctuations in temperature are low (<3 °C). Regional climate projections suggest the following changes by 2050: 1) a
rainfall decrease (10-25 %) during the wet season (i.e. May to November) (Imbach et al., 2018); 2) a spatial extension of the area
affected by the MSD (Magana et al., 1999; Maldonado et al., 2013; Maurer et al., 2017; and 3) positive trends in temperature and dry
extreme events, resulting in a net decrease of water availability (Imbach et al., 2018).

2.2. Stable isotope datasets

Stable isotope archives comprised of averaged annual amount-weighted precipitation ratios from 73 sites and averaged surface
water ratios from 677 sites across Costa Rica, Nicaragua, Honduras, El Salvador, and Panama were compiled from recent studies
(Sanchez-Murillo et al., 2020, 2016, 2013; Sanchez-Murillo and Birkel, 2016). A detailed description of these archives was provided by
Sanchez-Murillo et al. (2020).

New stable isotope data of precipitation (N = 54; monthly composite samples from 5 sites) and surface waters (N = 37; monthly
samples from 3 sites) were collected in Panama from July 2017 to July 2018. Rainfall totalizers were crafted to collect and preserve
rainfall within the monthly period (IAEA, 2014). Each totalizer consisted of a 6-cm radius funnel and a 1-L, high-density polyethylene
(HDPE) collection bottle. Calculated d-excess values were in agreement with the archived data values, which range from +2.9 to
+14.4%o. Collection bottles were emptied into 5-L HDPE accumulation bottles, which were stored at room temperature until the end of
the month. Then, a portion of the cumulative rainfall was transferred to a 16-mL glass E-C borosilicate sample bottle (Wheaton Science
Products, USA). Sample bottles were sealed with parafilm and labeled with the site’s name and the amount of precipitation collected
for that month, calculated as: ppt (mm) = 10 V/(rr#) where V is water volume collected (mL) and ry is funnel radius (cm). The annual
amount weighted ratio (8p_aw) for each new precipitation site was calculated as:

i1 PidXeg

Spoaw = =5 (€Y
ZiI:lP i

where n is the number of months, P; is the monthly precipitation and 8Xp(;) is the §°H or 8'%0 composition of precipitation for the i-th

month. Surface water samples were collected from streams only at flowing sections to circumvent evaporative signals and base flow

conditions were targeted to ensure that the sample was representative of cumulative upstream outflow (Sanchez-Murillo and Birkel,

2016). The annual amount weighted precipitation isotope ratio for each surface water site was calculated. Fig. 1 indicates the locations
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Fig. 2. The distribution of 5'%0 (%) in precipitation (a) and surface waters (b) by slope and the linear relationship between 5'%0 and 8°H in
precipitation (c) and surface waters (d) for both slopes; the black line represents the global meteoric water line (GMWL), and Pacific and Caribbean
samples are denoted by red and blue color, respectively.
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of precipitation and surface water sites within the study area. There were 56 precipitation and 408 surface water sampling sites in the
Pacific domain and 22 precipitation and 272 surface water sampling sites in the Caribbean domain. Isotopic signatures at each site
were tested against the standard normal distribution. Fig. 2 illustrates the distributions of 580 in precipitation (a) and surface waters
(b), as well as the relationships between 5'%0 and 8%H in precipitation (c¢) and surface waters (d) for both slopes (i.e., Pacific and
Caribbean).

The new samples from Panama were analyzed at Oregon State University using a Cavity Ring Down Spectroscopy (CRDS) isotope
analyzer L.2120-i (Picarro, USA). All isotopic compositions were expressed in & notation: 8 = (R/Rstq — 1), where R is the ratio of rare to
abundant isotopes in the sample and Ry is the ratio of rare to abundant isotopes in Vienna Standard Mean Ocean Water (VSMOW). All
8 values were reported in per mil (parts per thousand, %o). Laboratory standards established using mass spectrometer measurements of
Florida (5°H = -3.56%o, 580 = -0.95%) and Boulder (6°H = -1 20.68%o, 580 = -16.00%0) tap waters were used to normalize the results
to the VSMOW-VSLAP scale. Each sample was injected six times to compensate for memory effects, and the final three injections were
avera}ged after correction to provide the measurement. The average analytical precision was + 0.20%o (10) for §%H and + 0.05%o (16)
for 6°°0.

2.3. Precipitation isotope ratio model

Multivariate regression models were constructed for 52H and 5'80 using the annual amount weighted precipitation isotope ratios.
Following Yamanaka and Yamada (2017), the models included longitude (x), latitude (y), and elevation (2) of precipitation sites as
potential explanatory variables for 8. Polynomial forms of the longitude, latitude, and elevation terms (x, 32, %8, Y, y2, y3, 2, 2%, 2°) were
evaluated because the relationship between these variables and § is not always linear (Yamanaka et al., 2015). Interaction terms (xy,
Xz, yz) were also assessed to gain an understanding of variable inter-relationships and their effect on 8.

2.4. Catchment extraction

Catchments for each surface water sample were obtained using 30 arc-second (grid cells of approximately 1 km?) HydroSHEDS data
(Lehner et al., 2008) within Pysheds (0.2.6), a Python package designed for watershed delimitation, stream network extraction, and
determination of flow direction and accumulation. The longitude and latitude of each surface water site was employed as an outlet
point to delineate the total upstream area contributing water flow to that point. The coordinates were directed to snap to the nearest
cell having more than 20 upstream places. This criterion was included to adjust for any inaccuracies associated with input data (i.e.,
sample longitude, latitude, and elevation) that could result in an outlet point input not intersecting an actual water source. Once a
catchment was delineated, all of the locations (L; composed of x;, y;, and z;) within it were extracted, and catchment properties,
including a mean catchment longitude (x;), latitude (y;), and elevation (z;) were calculated. Then, for each catchment location L;(x;, yj,

), an annual amount weighted precipitation isotopic composition 6p_aw(;) was predicted using the precipitation model.

2.5. Assumptions in the mean recharge elevation assessment

2.5.1. Steady-state evaporation

The likelihood that the measured isotopic composition of a surface water sample was consistent with the isotopic composition of
precipitation predicted at each location in its catchment was assessed within a Bayesian framework (Good et al., 2014). Following
Yamanaka and Yamada (2017), it was assumed that the isotopic composition of surface water samples taken from different sources
reflects approximately that of precipitation at their recharge areas plus A, which represents the isotope fractionation that occurs as a
result of phase changes: 5s = 6p + A. When there is a phase change, the heavy and light isotopes are partitioned relatively between the
two phases. During evaporation, the light H and O isotopes are lost from the liquid water body preferentially and the remaining water
becomes enriched in the heavier isotopes. This evaporative enrichment occurs along a slope which deviates from that of the global
meteoric water line (Gibson et al., 2008). The evaporation line, g(), was defined as a function providing the §°H value for a given 5180
value of t:

811X Yoty Xegys Yoy ) = (Yo = Y| Xo) = Xoi) ) (1 = X)) + Yoy @

where the first parenthesized term on the right-hand side of the equation is the slope, X}, and Y, are the 580 and 52H values of
predicted precipitation at location j, and X« and Y+ are the limiting 5180 and §2H values of an evaporating water body under local
climatological conditions (e.g., the final isotopic composition of the water sample as its volume approaches zero) at location j. The
limiting isotopic composition was calculated as:

hé, + €

O = e 10

3

where ¢ is the total isotopic separation factor that includes both equilibrium and kinetic components, h is often assumed to be the
relative humidity, and 8, is the atmospheric composition of vapor (Gibson et al., 2016; Gibson and Edwards, 2002). Values for 54 were
estimated assuming isotopic equilibrium between atmospheric vapor and precipitation, since global-scale isotopic measurements of
water vapor at ground level have revealed for most cases vapor-precipitation equilibrium is maintained over continental masses
(Araguas-Araguas et al., 2000):
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Sp—et (1000 + 5p)
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where e" is the equilibrium isotopic separation, a ™ is the equilibrium fractionation, and ¢ is related to o by e" = (a* - 1) - 1000
(Gibson et al., 2016; Gibson and Edwards, 2002). If the vapor and precipitation are in equilibrium, their isotopic-exchange reaction
rates are well-known for a given temperature. The ¢, h, and 54 parameters used to determine limiting isotopic compositions were
calculated using gridded WorldClim 2 data of average and minimum temperature at a 30 arc-second resolution (Fick and Hijmans,
2017). Given the humid conditions of the region, minimum temperature could be used as a proxy for dew point in h calculations
(Gunawardhana et al., 2017).

2.5.2. Precipitation
Precipitation and its limiting composition at each location (L)) in the catchment from which a surface water sample was collected
was assumed to be from a normal distribution dp; = [myp;, sp] with a mean (my;) and covariance matrix (sp):

my; = [H(SISO),.(/) P(SZH),.U) P(SISO) *(j) P(SZH) *(j) } (5a)
o* (8"%0) 6(8"0, &H) 0 0
p P
_ | o(8%0,8°H), o (8°H), 0 0 5b)
b 0 0 o (8%0),  o(8"0, 8°H),
0 0 o(8"0, 8H), o (8H),

where p(6180)po-) and p(62H)1p0-) are the 6'%0 and 5%H values predicted by the precipitation model at that location in the catchment and
62(6180)p, GZ(BZH)I,, and 6(8 8O, 62H)p were fixed according to the model uncertainty (0.75, 52.18, and 5.97, respectively). The terms
p(6180),e i and p(SZH)k(j) are the 5'%0 and §%H values of the limiting composition with associated uncertainties 02(6180)*, GZ(SZH)*,
and 6(5'°0, §2H)-. Since it was assumed that the atmospheric vapor is in equilibrium with local precipitation, the same variance and
covariance values associated with the precipitation model were utilized.

2.5.3. Surface waters
Similarly, each surface water sample was assumed to be from a normal distribution dg = [mg, s5] with a mean (mg) and covariance
matrix (ss):

m; = [p(8"%0), p(&°H), | (6a)
[0 (8"0), 0
5= 0 o (5°H). (6)

where p(6180)s is the measured §'0 value of the surface water sample with analytical uncertainty 02(6180)5 and p(SzH)s is the
measured 52H value of the surface water sample with analytical uncertainty 6%(52H),. Uncertainties were fixed at 0.05%o and 0.20%o
respectively, based on the uncertainty of the CRDS analysis.

2.6. Bayesian likelihood assessment

In statistics and probability theory, Bayes law is used to determine the conditional probability of events based on prior knowledge
of the conditions that might be relevant to the event. As it shows the relationship between a conditional probability and its reverse
form, it can be used to invert a conditional probability. In this study, the likelihood that a surface water sample recharged at a
particular location within its catchment was assessed through an approach modified from Good et al. (2014) and Kennedy et al. (2011):

P(3,]L, ) P(L;)

PILI) = 1.1 P

(7)

where the posterior distribution, P(L;|3;), expresses the probability that a particular catchment location L) with a normal predicted
precipitation distribution dp; served as the location of recharge for a collected surface water sample §s with a normal sample distri-
bution ds. The prior probability distribution P(L;) defines the probability of that location within the catchment; in this case, prior
knowledge assumed that every location has equal likelihood of occurrence. The conditional probability, P(SS{L]- ), is the probability of
obtaining the surface water sample &; with a normal sample distribution ds given the location L with a normal predicted precipitation
distribution dy;. The conditional probability was determined by integrating the sample distribution, fds, along potential evaporation
lines (g(t)) and multiplying these integrated values by the probability that a particular evaporation line occurs, fd;:

Xy
P(3,L) = ////fdpj Xot)» Yops X+, Y*u))/ g (Nfds(t, (1) )dt dx,)dy,gdxsdy«;) ()

Xpj

This approach integrates t from X, to X, examining all possible evaporative enrichments along evaporation lines with all

6
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possible predicted precipitation and limiting isotopic composition endpoints (X,g), Yy and X+, Y+;) and their probability of
occurring (fdp;) against the probability of a given value of the sample occurring (fds). If fdp;(x) is a normal distribution with a mean
(myp;) according to isotope values predicted by the model at that location and a covariance matrix (sp) according to model uncertainty,
it is given by:

9)

1 1 T
Jdp(x) = 7exp( - E(X —my)'s, ' (x —my) )
P(5||L; ) was then evaluated over n = 500 realizations as:
[ : 2
()~ bpl) by = bp()
Ary 1+ (A*m*&m) (t— Histso), )2 ((/‘ﬁmf 1;"(,) ) (t—2x)+y— P(SZH)S)

n 1 X‘(,
P(8.|L;) = 21:1;2;:;, N P 2 U?SZH)S o

2n6(6|so)sa(szﬁ)x #1508

where L), Lpg), L, and by« are the lth realizations of predicted precipitation and limiting water drawn from dy;. Here At was
specified as to ensure that the Riemann sum adequately approximated the inner integral in Eq. 8. This approach was executed using a
Python script included in the supplementary material. For an illustration of this approach, see Fig. 4 of Good et al. (2014). Assuming
that the prior probability distribution P(L;) is uniform, the form of Bayes Law was simplified as:

P(5|L;)

PG an

P(Ljls,) =

and the relative likelihood that a particular location within the surface water sample catchment L served as the location of recharge
for a given sample §; was determined by normalizing the conditional probability. Fig. 3 demonstrates likelihood throughout a single
catchment, using the Sixaola River Basin in southern Costa Rica as an example.

2.7. Calculation of mean recharge elevations

The MRE of the surface water sample was then calculated by weighting each catchment elevation by its respective probability and
summing these products:

MRE = > P(L;|8,)* 3 12)

Similarly, the standard deviation of the recharge elevation (SDRE) is calculated as:

SDRE = \/(ZP(LJ-\& )< ) - (Y Pls)* z,-)z 13)

9.7 -
8e-04
296
& 6e-04
o )
— i o
g 9.5 §
Q —_—
) 4e-04 &
g 9.4
£
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Fig. 3. Relative likelihood values for each location in the upstream catchment of a sample collected from the Sixaola River, Costa Rica. The sample
has an estimated mean recharge elevation of ~818 m asl.
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and the difference between the MRE and the surface water site elevation (SWSE or 2z, the contributing catchment’s minimum
elevation) was also calculated (i.e Zyrg_swse = MRE - Zmin).

3. Results
3.1. Precipitation isotope ratio model

Based on adjusted R? criterion, models were derived for §2H and §'20 in precipitation where x is longitude (decimal degrees west),
y is latitude (decimal degrees north), and z is elevation (meters above sea level, m asl):

Bpoaw = Cozl07° + €y + Coy* + Cay+ G + Csx + Cxy+ C; (14)

The z term represents the altitude and Cy the local isotopic lapse rate. Since precipitation-producing air masses are mainly carried
from the Caribbean Sea in a south-west direction by the trade winds, both the x and y terms can represent the continental effect, where
5180 and 5°H decrease inland from the coast. No latitude effect has been reported in the humid tropics, however, in Panama a “pseudo”
latitude effect results from the collinearity of latitude with distance from the Caribbean Sea (Lachniet and Patterson, 2006). Fit model
term coefficients are shown in Table 1. These models can estimate the isotopic composition of regional precipitation with mean ab-
solute errors of 6.60%o for 8°H (Rzadjusted = 0.54) and 0.80% for 5'80 (Rzadjusted = 0.57). The most significant errors (> 2.0%o for 5'80)
are associated with sites located in NW Costa Rica along the Pacific slope of the mountainous divide (Fig. 4), a region characterized by
relatively small precipitation events and large secondary evaporation processes. In order to further examine the performance of our
precipitation model, the Online Isotopes in Precipitation Calculator (OIPC) (Bowen, 2017; Bowen and Revenaugh, 2003) was also used
to determine mean annual §'80 and §2H values for the locations associated with precipitation samples and model errors were
compared. The OIPC estimates 5'0 and §?H based on the interpolation of global data derived primarily from the Global Network for
Isotopes in Precipitation (GNIP) database (IAEA/WMO, 2015), and the interpolation is based on a composite model that includes
latitude and altitude parameters to represent temperature effects as well as a distance-weighting parameter to account for variability in
5'%0 and §2H not resolved by the other parameters (Bowen and Revenaugh, 2003). The OPIC predicted regional precipitation com-
positions with mean absolute errors of 11.11%o for §2H and 1.37%o for §'%0.

3.2. Mean recharge elevations

The model-predicted 5'0 and §2H values for the locations in a sample’s catchment were used to evaluate the probabilities that
each location served as a location of recharge, enabling the calculation of the sample’s MRE (Fig. 5). The MRE for 46.5 % (316) of the
surface water samples was higher than 1000 m asl. Of the 316 samples recharged above 1000 m asl, 235 (74.4 %) were derived from a
Pacific catchment. Additionally, the MRE for 13.1 % (89) of the surface water samples was higher than 2000 m asl, with 72 of the 89
(80.9 %) having been derived from a Pacific catchment. Those surface water sources recharged above 2000 m asl were all located in the
mountainous interior of northeast Panama and Costa Rica and along the Pacific coast of Costa Rica. The elevational distribution of MRE
for surface water sources by slope is shown in Fig. 6. While the MRE of Pacific samples was widely distributed across different ele-
vations, 50.4 % (137) of the Caribbean samples (representing 20.1 % of all 680 samples) recharged at an elevation below 500 m asl.
The distributions of MRE, SWSE, and the differences between MRE and SWSE (zyrg-swsk) by slope are compared in Fig. 7. MREs and
SWSEs were higher on the Pacific slope, and the average difference between MREs and SWSEs on the Pacific slope (531.2 m) was 78.7
m higher than on the Caribbean slope (452.5 m).

4. Discussion
4.1. Assessment of MRE uncertainties
One advantage of the Bayesian approach implemented in this study was the ability to assess the uncertainties associated with the

MRE estimates. The standard deviations of the recharge elevations (SDREs) range from 0 to ~823 m with a mean value of 241 m. The
lowest SDREs (generally <241 m) were associated with the MRE estimates of samples from El Salvador (6mean = 158 m), Honduras

Table 1

Precipitation model parameters.
Parameter (Unit) 5°H 5'%0
Co (%o km™1) —~1.09E+1 —1.48E0
C; (%0 DD~3) 6.48E-1 6.33E-2
Cy (%0 DD™2) —2.73E+1 —2.81E0
C3 (%o DD —~1.92E+2 —2.45E+1
C4 (%0 DD~2) —2.73E0 —3.03E-1
Cs (%0 DD 1) —3.81E4+2 —4.18E+1
Co (%o DD 1) —6.68E0 —7.61E-1
C7 (%0) —1.44E+4 —~1.56E+3
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Fig. 5. Map showing the estimated mean recharge elevation of each surface water sample. The map inset shows those sites with mean recharge
elevations above 2000 m asl.

(Omean = 187 m), Nicaragua (6pean = 178 m), and Panama (Gean = 198 m). Meanwhile, the MRE estimates of samples from both
Pacific and Caribbean domains of Costa Rica are associated with higher SDRES (6mean = 286 m) (Fig. 8). Significant trends (p < 0.0001)
of SDRE with mean catchment elevation and catchment relief (defined as znyax - Zmin) Were found for both slopes across the region,
suggesting that the complex topography may help explain the observed spatial variability in SDRE. It is possible our precipitation
model’s assumption of a spatially uniform isotopic lapse rate could be a cause of greater SDRE. Altitude effects have been found to
differ for Pacific versus Caribbean domains in countries within and near the study area, with isotopic lapse rates varying between -0.50
to -1.9%0 km ! on the Pacific slope while increasing up to -2.4%. km ! on the Caribbean slope (Lachniet et al., 2007; Lachniet and
Patterson, 2009; Perez et al., 2015; Sanchez-Murillo et al., 2020; Wassenaar et al., 2009). As SDRE was found to correlate strongly with
sampling elevation only on the Caribbean slope and with catchment size only on the Pacific slope, the mechanisms responsible for
spatial variations in MRE uncertainty may ultimately vary depending on domain and warrant further investigation.
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Fig. 7. A comparison of the elevational distributions of mean recharge elevations (MRE), surface water site elevations (SWSE), and MRE-SWSE
differences between slopes.

4.2. Cross-validation of MRE estimates

In order to examine how MREs have changed with the incorporation of Bayesian probabilities, the MREs of surface water samples
were also estimated using the isoscape approach presented in Yamanaka and Yamada (2017), hereafter YY17. The YY17 approach
estimates MREs using a regional isotopic lapse rate, I" (%o - km ™!, corresponding to the Co model parameter in Eq. 14), and isotopic
shift, A (%o):

10° (8w — 6, — A)

MREYY17 = T

(15)

where 8gy is the measured 5'%0 or 82H of the surface water sample and 5p is the sea level 580 or 82H value of precipitation at given
coordinates. The &, parameter is derived from the precipitation model:

8, = 0paw—T2107° = Oy’ + Gy + Gy + Co + Csx + Coxy+ C (16)

and the A parameter is optimized via iteration so as to minimize the differences between annual precipitation-weighted mean
catchment elevations (MCEpyw) and estimated MREs, although the optimized case only improved the differences by 15—50 m relative
to the case assuming A = 0 in the YY17 study. MCEpy is used as a proxy for recharge-weighted MRE where recharge flux (precipitation
minus evapotranspiration) cannot be determined due to uncertainties associated with estimating evapotranspiration.

Bayesian MRE values are on average 503 (6180—based) and 391 (62H—based) m lower than MREs resulting from the YY17 approach
assuming no isotopic shift occurred and 539 (5!80-based) and 425 (52H-based) m lower than the YY17 approach with optimized A

10
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values. The incorporation of regional A values for 5'%0 and 5°H in the YY17 approach only affected the differences between samples’
MRE estimates and MCEpy by 6—67 m. However, the differences between YY17-derived MREs and MCEpys were generally much
larger than those between Bayesian-derived MREs and MCEpys (Fig. 9). The Bayesian approach produces estimates of MRE that are on
average 69 m higher than sample MCEpy’s. Together, these trends illustrate how regional isotope data will yield MREs that are higher
than samples’ MCEpy. They further demonstrate how an isotopic lapse rate-based method that does not also consider probabilities
across a sample’s catchment in the process of MRE determination will result in estimates less proximate to the sample’s MCEpyy.
Bayesian MRE estimates for surface water samples from the Pacific slope of Costa Rica, Nicaragua, Honduras, and El Salvador were
also compared on a broad-scale to those from Sanchez-Murillo et al. (2020), where MREs for Pacific ground water samples were
calculated using a simple isotopic lapse rate method with no account for the potential effects of evaporative enrichment on isotopic
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Fig. 9. A comparison of mean recharge elevation (MRE) - precipitation weighted mean catchment elevation (MCEpw) residuals resulting from the
Bayesian approach and two variations of the Yamanaka and Yamada (2017) approach, one where isotopic shift due to evaporative enrichment of
samples is assumed to be zero and one where a regional ®0-based value for isotopic shift was used.
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compositions of the water samples. Since surface water samples for this study were collected from streams during base flow conditions,
the patterns observed here can be representative of regional groundwater recharge as well (Sanchez-Murillo and Birkel, 2016). Median
MRE:s for the Pacific domain of each country using the Bayesian and lapse rate-based approaches are compared in Table 2. With the
exception of Honduras, countries’ median MREs are again much lower according to the Bayesian approach, supporting the notion that
the Bayesian statistical analysis will result in lower MRE estimates relative to the other isotope-based approaches assessed here. The
580 isotopic lapse rate of -1.48%o km ! derived from the precipitation model and used here in the probabilistic assessment of MREs
was similar to the regional isotopic lapse rate of 1.0%o km~! which was used to estimate MREs in Sanchez-Murillo et al. (2020). It
should be noted since the lapse rate from Sanchez-Murillo et al. (2020) was partially constructed using isotope data from historical
rainfall stations, it is possible some of the ratios were affected by improper collection. Therefore, the lapse rate of 1.0%. km ™ is likely
lower than it would be based solely on more recent and robust monitoring sites, and it can be inferred that the additional constraints
provided by the incorporation of isotopic uncertainties and evaporative effects are significant.

4.3. MRE and catchment properties

In this study, patterns of MRE were interpreted by assessing the relationship between MRE and catchment properties, including
mean catchment longitude, mean catchment latitude, mean catchment elevation, minimum catchment elevation (SWSE), catchment
relief, and catchment size. Changes in MRE with mean catchment longitude and latitude appear to reflect changes in SWSE (i.e., larger
(smaller) MREs are associated with sampling locations of higher (lower) elevations; p < 0.001 for both slopes). A comparison of MRE
and mean catchment elevation (MCE) demonstrates that samples collected from the Pacific slope generally have a MRE close to or
above the MCE, while samples collected from the Caribbean slope tend to have a MRE near or below the MCE (Fig. 10). It is likely that
these different relationships between MRE and MCE for the Pacific and Caribbean slopes are related to the distinct precipitation re-
gimes characterizing them.

Previous studies have identified two main sources of moisture for Central America (Duran-Quesada et al., 2010; Lachniet et al.,
2007; Maldonado, 2017). The Caribbean Sea is the dominant contributor of moisture, while southern Central America (specifically,
Pacific coastal sites in Costa Rica and Panama) also receive moisture originating from the eastern equatorial Pacific in the form of
intense convective rainfall when the northeast trade winds are weak. The majority of the moisture that leaves the Pacific is lost over the
ocean, so its contributions to the region are low relative to the Caribbean Sea. The trade winds transport moisture directly from the
Caribbean Sea over the Caribbean slope and the moisture undergoes orographic uplift and rainout. Consequently, the Caribbean slope
experiences a relatively homogeneous precipitation regime and recharge may occur largely below the MCE. On the Pacific slope, air
masses become progressively warmer and drier as they advance westward and descend, so that what little moisture remains once the
air masses have traversed the mountains can be expected to precipitate and recharge water sources at an elevation higher than the
MCE. The orographic effect on MRE can be quantified as simple linear regressions:

MRE; = 1.072 (MCE) + 45.65 (17a)
MRE¢ = 0.9493 (MCE) — 28.24 (17b)

with coefficients of determination (R%) = 0.93 (Pacific) and 0.83 (Caribbean), and mean absolute errors (MAEs) = 144 m (Pacific) and
190 m (Caribbean). Including another catchment property (catchment size, minimum catchment elevation, catchment relief) as an
additional predictor variable in the models yields improvement in MRE projections but including more than one additional predictor
variable beyond MCE does not. Relief was the catchment property that most improved the models:

MREp = 1.016 (MCE) + 0.2693 (relicf) — 151.49 (18a)
MRE¢ = 1.110 (MCE) — 0.1311 (relief) + 64.25 (18b)

with Rzadjusted = 0.97, MAE = 97 m (Pacific) and Rzadjusted = 0.90, MAE = 137 m (Caribbean). The improvement is greater on the
Caribbean slope. Since rainfall is more evenly distributed across the Caribbean slope, catchment properties may play a more sub-
stantial role in the determination of MRE than on the Pacific slope, where precipitation is relatively limited to the mountainous interior
and decreases westward. This is evident by the general increase of MRE with SWSE on the Caribbean slope, while samples along the
Central Pacific coast of Costa Rica (with SWSEs <100 m asl) have some of the highest MREs in the region (> 2000 m asl, Fig. 5). The
MRE and MCE relationship was further examined by assessing potential correlations between the MRE:MCE ratio and other catchment
properties. The ratio of MRE to MCE trends positively on the Pacific slope but negatively on the Caribbean slope with catchment size,

Table 2
Median MRE from the Pacific domain of Central American countries.
Country Median Bayesian MRE (m) Median lapse rate MRE (m)
Costa Rica 1040 + 272 1979 + 30
Nicaragua 360 + 181 1024 £ 15
Honduras 1671 + 179 1289 + 27
El Salvador 307 + 158 1104 + 119
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Fig. 10. Map showing the mean recharge elevation (MRE) to mean catchment elevation (MCE) ratio of each surface water site.

SWSE, and relief (x = 0.05), suggesting that catchment properties strongly influence the MRE:MCE relationship, likely because these
variables are directly related to the MCE (p < 0.05 (size) and <0.001 (SWSE, relief for both slopes). In any case, the mechanisms
underlying the relationships observed here merit additional consideration beyond this study.

5. Conclusions

This research investigated the utility of implementing isotopic comparisons of surface water samples and interpolated precipitation
within a Bayesian framework which considered both the uncertainty in isotopic compositions as well as the potential for evaporative
enrichment of the samples to estimate the MRE of water sources in Central America. Bayesian MRE estimates were found to be on
average lower than estimates provided by the more simple isoscape approach (Yamanaka and Yamada, 2017) and the traditional
isotopic lapse rate method (Sanchez-Murillo et al., 2020), neither of which account for isotopic uncertainties or deviations caused by
fractionating phase changes. All isotope-based methods resulted in MREs higher than samples’ precipitation-weighted mean catch-
ment elevations (CMEpy), which can approximate the actual MRE, but the differences between MRE estimates and CMEpy are on
average smaller when MREs are estimated using the Bayesian approach. These results demonstrate that the effects of isotopic un-
certainty incorporation and evaporative correction in isotope-based MRE determination are significant.

MREs demonstrate a clear difference in patterns of recharge for the Pacific and Caribbean slopes. Surface water sources on the
Pacific slope are generally recharged at higher elevations relative to the source MCE, while those on the Caribbean slope are largely
recharged at elevations lower than the source MCE. The difference is attributed to the westward direction of moisture transport from
the Caribbean Sea, orographic uplift and rainout on the Caribbean slope, and rain shadow on the Pacific slope. The orographic effect on
recharge was quantified and can be used to estimate the MRE of other regional water sources based only on knowledge of the source
MCE, although including information regarding another catchment property such as catchment size, minimum catchment elevation
(SWSE), or catchment relief improves estimations because these variables influence the MRE:MCE relationship. The disparities be-
tween MRE and SWSE were higher on the Pacific slope, where most of the region’s population is concentrated, confirming the
importance of protecting upland areas as critical recharge zones.

While this study revealed meaningful patterns that can contribute to the current understanding of recharge in the Central America
region, some factors in the developed approach to MRE estimation had the potential to introduce errors. Interpolation errors associated
with the precipitation model are one important factor to consider. Since the most significant model errors are all associated with sites
on the Pacific slope (Fig. 4), one possible explanation could be that the model does not directly account for the precipitation amount
effect. The amount effect has been identified as a dominant control on isotopic compositions of rainfall in the region, particularly on
the Pacific slope of Costa Rica (Sanchez-Murillo and Birkel, 2016) and Panama (Lachniet and Patterson, 2006). Still, the model
performed reasonably well with MAEs smaller than those resulting from the global OIPC model (Bowen, 2017; Bowen and Revenaugh,
2003) and similar to those of other regional models over complex terrain (Yamanaka et al., 2015; Yamanaka and Yamada, 2017).
Another limitation of this study is the disproportionate distribution of regional data. With the exception of Costa Rica, data from
Central American countries is sparse and largely constrained to the Pacific slope. Sampling efforts have historically been concentrated
on the Pacific slope according to population distributions but given that the Caribbean Sea is the primary moisture source to the region,
isotope data from the Caribbean slope is also relevant (Sanchez-Murillo et al., 2020). In this case, additional Caribbean data would
facilitate a more robust comparison between recharge patterns and controls of the two domains. It is therefore reasonable to argue that
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further sampling efforts from both domains are needed, as additional data from the Pacific domain could help resolve precipitation
model error. Finally, there are a number of other factors beyond evaporation that could potentially affect the isotopic compositions of
water sources and should be considered when applying the methods developed here. These include seawater intrusion, especially
where coastal aquifers are overdrawn to provide for urban populations (Ballestero et al., 2007; Ferguson and Gleeson, 2012), as well as
the large-scale movement of groundwaters (Grasby and Chen, 2005). In this study, samples that were collected within 1 km of
coastlines were removed prior to analysis to avoid potential impacts of seawater intrusion.

Overall, the findings of this study have contributed to an enhanced understanding of recharge in Central America. Estimated MREs
may be incorporated into GIS-based analyses or runoff or groundwater flow models to chart recharge areas with greater reliability
(Yamanaka and Yamada, 2017). Furthermore, these flow models could be coupled with downscaled global climate models to inves-
tigate the potential impacts of climate change on the region’s water resources (Scibek and Allen, 2006). The quantified MRE-catchment
property relationships may be used by governmental institutions to extrapolate the MRE of other water resources in the region, ul-
timately leading to enhanced water resources management. However, future research should aim to further validate these models
when more isotope data, especially from the Caribbean domain, are available. A comparison of Bayesian MRE estimates with
recharge-weighted MRE would be informative in this regard, and ET mapping for the determination of recharge-flux may be facilitated
via the coupling of process-based models with remote sensing data (Liu et al., 2003). Finally, the higher recharge elevations and larger
differences between MRE and SWSE on the Pacific slope (where the majority of the population lives) imply that this information can be
used to promote awareness among people of their dependence on mountains for water supply and clarify the importance of estab-
lishing protections for the mountainous areas. The methods in the assessment presented here can also be applied to other regions where
water isotope data are available or can be obtained and can serve as an example of the effectiveness of using spatial models within a
Bayesian probabilistic framework.
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