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ABSTRACT ARTICLE HISTORY

The linkage between precipitation and recharge is still poorly Received 17 January 2016
understood in the Central America region. This study focuses on Accepted 23 March 2016
stable isotopic composition in precipitation and groundwater in

the northern mountainous region of the Central Valley of Costa . . -
. - . air mass back trajectories;
R|c§. During the o[ry season, ralnfall samples corres_ponded to Costa Rica: deuterium excess:
enriched events with high deuterium excess. By mid-May, the groundwater management;
Intertropical Convergence Zone poses over Costa Rica resulting in hydrogen-2; isotope

a depletion of '®0/'®0 and ?H/H ratios. A parsimonious four-  hydrology; oxygen-18;
variable regression model (r*=0.52) was able to predict daily 6'0 precipitation

in precipitation. Air mass back trajectories indicated a

combination of Caribbean Sea and Pacific Ocean sources, which is

clearly depicted in groundwater isoscape. Aquifers relying on

Pacific-originated recharge exhibited a more depleted pattern,

whereas recharge areas relying on Caribbean parental moisture

showed an enrichment trend. These results can be used to

enhance modelling efforts in Central America where scarcity of

long-term data limits water resources management plans.

KEYWORDS

1. Introduction

Central America is home to ~47 million inhabitants. During the last 100 years, average
surface temperature has increased by 0.5-1.0°C, and the number of warm days has
risen by about 2.5% each decade in this region since the 1970s [1,2], resulting in
drastic precipitation changes from prolonged droughts to more frequent extreme rainfall
events. Recently, the scientific community, environmental institutions, governments, and
communities have increased their awareness of Central American climate variability based
on the premise that changes in regional and global circulation patterns such as El Nifio/
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Southern Oscillation (ENSO) may lead to an intensification of extreme events [3-7], which
poses a challenge for truly integrated water resources management [8,9].

In Central America, many socio-economic activities, especially agriculture, tourism, and
hydropower generation, are dependent on the seasonal cycles of precipitation. As an
example, in the Central Valley of Costa Rica during recent dry seasons (December to
April 2013 and 2014), spring sources used mainly as drinking water supply experienced
a drastic reduction up to 65 % [10] during the baseflow period (December to April).
Recent water resources analyses [11,12] indicated that due to high population density
(95 inhabitants km™), a large degree of surface water contamination, and limited drinking
surface water sources, the Central Valley of Costa Rica exhibits high water resources vul-
nerability. This water resource scenario described for the Central Valley of Costa Rica is
a common denominator across the entire Central America region.

Based on this premise, a better understanding of the factors that control precipitation
patterns and their linkage to groundwater recharge is an imperative task for Central
America countries. Robust and up-to-date hydrological information is required for stake-
holders and governmental environmental agencies to prioritize efforts and resources in
watersheds where potential droughts or extreme rainfall events could drastically disrupt
ecological assemblages and socio-economic activities. The main objectives of this study
are to (a) analyse the seasonal and spatial isotopic variations in precipitation within the
northern mountainous region of the Central Valley of Costa Rica during an anomalous cli-
matologically year (2013); (b) determine the key drivers controlling daily isotopic compo-
sition in precipitation; and (c) investigate the connection between precipitation and
groundwater recharge using isoscapes.

1.1. Stable isotopes perspective

The use of stable isotopes of water, both 2H/H and '80/'°0, has provided novel insights in
hydrological studies, ecological applications, understanding climate variability, and recon-
structing paleoclimatic records [13-20]. The development of affordable instrumentation
based on laser spectroscopy has enhanced our ability to achieve greater temporal and
spatial resolution of isotopic data [21-26] and is greatly helping in the development of
new research avenues to study the atmospheric water cycle (e.g. '’O-excess) [27]. Particu-
larly, collection and analyses techniques of these naturally occurring tracers have been
shown to be useful in elucidating atmospheric moisture sources and their implications
for the hydrological cycle [28-32]. Light stable isotopic compositions of tropical meteoric
waters have proven to be an important indicator of modern climate variability [33-39]. In
particular, §'®0 values have provided novel insights about ENSO dynamics [40-44]. To our
knowledge, a clear linkage between stable isotopic composition in precipitation and
groundwater has not been reported within the Central Valley of Costa Rica despite the
increasing trend of stable isotope studies in the country [17,20,45-52].

1.2. Climate generalities of Costa Rica

Costa Rica is located on the Central America Isthmus, between 8° and 12°N latitude, and
82°and 85°W longitude (Figure 1(a)). Four regional air circulation processes predominantly
control the climate of Costa Rica: northeast trade winds (i.e. alisios), the latitudinal
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Figure 1. Study area including precipitation monitoring sites (red squares), archive and recent ground-
water samples (green circles). The black and red lines denote the estimated boundary for the BAS [51]
and Grande and Virilla watersheds, respectively. Grey and black coloured areas represent the elevation
gradient. The inset shows the location of Costa Rica in the Central America Isthmus.

migration of the Intertropical Convergence Zone (ITCZ), cold continental outbreaks (i.e.
northerly winds or nortes), and sporadic influence of Caribbean cyclones [53]. These circu-
lation processes produce two rainfall maxima, one in May and June and a second one in
September and October, which are interrupted by a relative minimum between July and
August known as the mid-summer drought (MSD) (i.e. intensification of the trade winds
over the Caribbean Sea) [54]. In addition to these circulation processes, the continental
divide (i.e. a mountainous range that extends from the NW to the SE) also influences pre-
Cipitation patterns across the country, dividing the territory into the Caribbean and Pacific
drainage basins. Both basins exhibit distinct rainfall regimes in terms of magnitude and
timing [55]. In general, annual precipitation in Costa Rica varies from ~1500 mm in the
drier northwestern region, ~2500 mm in the Central Valley, and up to ~7000 mm on
the Caribbean side of the Talamanca range. Temperature seasonality is low throughout
the country. The mean annual temperature on the coastal lowlands is about 27°C, 20°C
in the Central Valley, and below 10°C at the summits of the highest mountain range
(3820 m.a.s.l,, Chirripd peak).

2. Methods and materials
2.1. Study area

Figure 1 and Table 1 show the sampling area and a description of the precipitation
sampling transect, respectively. Information includes geographic coordinates (decimal
degrees), elevation (metres above sea level=m.a.s.l), and number of samples. The
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Table 1. Rainfall sampling site characteristics including geographic coordinates (decimal degrees),
elevation (m.a.s.l.), precipitation P (mm a™"), and number of samples (N) collected during 2013.

Site Latitude (dec.deg.) Longitude (dec.deg.) Elevation (m.a.s.l.) P(mma™) N
Belén 9.9883 —84.1845 968 1669 21
Heredia® 10.0003 —84.1090 1173 1503 49
San Roque 10.0143 —84.1382 117 2082 23
San Rafael 10.0131 —84.1019 1228 2102 31
San Isidro 10.0215 —84.0739 1434 1868 20
Puente Salas 10.0426 —84.1296 1294 1913 25
Cipresal 10.0726 —-84.1171 1744 2287 29
Sacramento 10.1112 —84.1235 2303 2444 28

“Daily collection

precipitation monitoring network consisted of 7 weekly and 1 daily (Heredia) locations
across an altitudinal segment within the northern mountainous region of the Central
Valley of Costa Rica, ranging from 968 to 2303 m.a.s.l. (Figure 1). The location of the historic
and recent groundwater samples (N =425) is also presented in Figure 1, of which 288
samples are located within the boundary of the Barva aquifer system (BAS) (see Sup-
plementary Online Material). The BAS is located to the northwest of the Central Valley
of Costa Rica within the Central Volcanic Range (Figure 1) [51]. It comprises 275 km?
with an estimated saturated thickness ranging from 4 to 66 m, and a predominant ground-
water flow direction heading south-west [56,571. Transmissivity ranges from 400 up to 530
m? d~", the storage coefficient is 0.10, and the estimated discharge from springs serving as
drinking water supply is roughly 1500 L s™' [58]. Geologically, the BAS is composed of vol-
canic materials: lava flows of basaltic and andesitic composition, and pyroclastic deposits
(mainly ash, tuffs and lapilli). The BAS is subdivided into two hydrogeological units (Upper
and Lower Barva aquifers) and four geological members (from bottom to top): (1) Bermu-
dez Member (Lower Barva): fractured andesitic lavas, capable of storing large volumes of
groundwater, (2) Carbonal and Porrosati Member: tuffs, ashes with high clay content that
form aquitards, (3) Los Angeles and Bambinos Member (Upper Barva): scoriaceous lava
flows that form hanging, unconfined aquifers, and (4) Crater Member: composed of
recent pyroclastic deposits, with moderate infiltration rates [57].

2.2. Collection, preparation, and isotopic analysis

Daily (N=49) and weekly (N=177) precipitation samples were collected from March to
December 2013 using a passive collector, which consisted of a plastic funnel (diameter
between 7.5 and 10 cm) coupled with a filter mesh to prevent debris contamination.
The funnel was connected to a 1 L (daily basis) or 4 L (weekly basis) high-density polyethy-
lene (HDPE) container. A 2 cm layer of mineral oil (Rigoran Inc., Costa Rica) was added to
prevent fractionation according with standard sampling protocols, only for weekly sample
collection [59]. The mineral oil was separated using a 250-500 mL separatory funnel. The
large sample volume, often collected over the weekly intervals (>1.5 L), facilitated the sep-
aration process, providing oil-free water samples for isotopic analysis. Additionally,
samples with suspicious mineral oil presence were immediately discarded. Samples
were stored upside down at 5°C in HDPE bottles with conic and polyseal inserts and par-
afilm seals until analysis. Rainfall amounts were measured using rain gauges model
RGR126 (Oregon Scientific Inc., USA). The groundwater data base was composed of
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archive information compiled and provided by the Water Resources Programme of the
International Atomic Energy Agency (IAEA, Vienna, Austria) and recent sampling cam-
paigns conducted during December, 2014. Recent groundwater samples were collected
in 30 mL glass E-C borosilicate bottles with tetrafluoroethylene-lined caps (Wheaton
Science Products, USA). The bottles were filled with no head space, covered with parafilm
(Thermo Scientific, USA) to avoid exchange with atmospheric moisture, and stored upside
down at 5°C until analysis. Stable isotope analyses were conducted at the Chemistry
School of the National University (Heredia, Costa Rica) using a cavity ring-down spec-
troscopy water isotope analyser L2120-i (Picarro, USA). The secondary standards were
Moscow (Idaho, USA) tap water, MTW (8°H = —131.4 %o, §'®0 = —17.0 %o), deep ocean
water, DOW (8%H = —1.7 %o, §'80 = —0.2 %o), and commercial bottled water, CAS (§°H=
—64.3 %o, 8'%0 = —8.3 %o0). MTW and DOW standards were used to normalize the results
to the VSMOW2-SLAP2 scale, while CAS was used as a day-to-day quality control and
drift control standard. The long-term analytical precision was +0.5 %o (10) for §°H and
+0.1 %o (10) for §'°0.

2.3. HYSPLIT air mass back trajectories

The influence of atmospheric trajectory on the meteoric isotopic composition was studied
using the hybrid single-particle lagrangian trajectory (HYSPLIT) model [60] developed by
the National Oceanic and Atmospheric Administration (NOAA). The HYSPLIT model uses
a three-dimensional lagrangian air mass velocity algorithm to determine the position of
the air mass and reports these values along with meteorological variables at an hourly
time-resolution over the trajectory [32]. Air parcel trajectories were modelled 48 h back-
wards in time due to the proximity of the Caribbean Sea and the Pacific Ocean. To
compute a trajectory, the HYSPLIT model requires a starting time, location, and altitude
as well as NOAA meteorological data files (e.g. GDAS1, global data assimilation system,
1° by 1°, 2006—present) [61]. For the purpose of this analysis, a daily trajectory for each
rain sample at Heredia sampling location (N=49) was computed. Trajectories were
further divided into dry (December to April) and wet (May to November) seasons.

A Spearman’s rank correlation analysis was applied to assess potential relationships
between observed isotope ratios in precipitation, HYSPLIT and surface meteorological vari-
ables. HYSPLIT meteorological variables were averaged over the 48 h back trajectories
outputs. Based on the correlation matrix, a stepwise backward linear regression analysis
was conducted to determine a parsimonious and physically meaningful multiple
regression model to predict daily isotopic variations following the methods described
by [49].

3. Results
3.1. Climate conditions during 2013

Figure 2(a) shows long-term monthly precipitation amounts within the northern mountai-
nous region of the Central Valley of Costa Rica (Heredia site, 1982-2012, based on available
long-term records [62], and observed rainfall during 2013). The rainiest months in the
Central Valley corresponded to May and June (1st rainfall maxima) and September and
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Figure 2. Time series of meteorological variables in Heredia, Costa Rica. (A) Comparison of long-term
monthly precipitation means (1982-2012, grey bars) and monthly precipitation records for 2013 (blue
bars). (B) Normalized monthly precipitation anomalies in 2013. Blue and red bars represent positive and
negative anomalies, respectively. (C) Daily air temperature (°C). (D) Daily relative humidity (%). (E) Daily
wind speed (km h™"). Cross-arrows represent the separation between the dry and wet seasons at the
beginning of May.

October (2nd rainfall maxima). The orographic effect from the continental divide serves as
a ‘precipitation barrier’ for the Central Valley resulting in a clear dry season from December
to April. During this period, the trade winds are responsible for impeding the entrance of
Pacific moisture, which implies 4-5 dry months across the Central Valley and the Pacific
slope, respectively. Figure 2(b) shows the monthly normalized anomalies during 2013
when compared against the long-term monthly trends. In Heredia, negative anomalies
were observed predominantly at the beginning of the wet season and during the MSD
with above average rainfall from September to December. As observed in Figure 2(c),
air temperature seasonality is low, with overall mean daily temperatures ranging from
18 to 25°C. Relative humidity varies from 45 up to 75 % during the dry months and
remains over 90 % throughout the wet season (Figure 2(d)). Mean daily wind speed
(Figure 2(e)) shows the particular pattern of the trade winds over the Central America
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Isthmus. Strong trade winds across the Central Valley of Costa Rica are produced by
the large pressure differences during the boreal winter; therefore, greater wind
velocities are observed between December and April. By the beginning of May, the inten-
sity of the trade winds decreases (Figure 2(e)); therefore, Pacific moisture can move
towards the Central Valley of Costa Rica carrying out moisture with a distinct isotopic
composition.

3.2. 6°H and 80 in precipitation

A Kruskall-Wallis non-parametric test revealed a non-significant difference (p =.706) in
the 6°H and §'%0 median values of all rainfall monitoring sites; consequently, a single
LMWL was constructed for the northern mountainous region of the Central Valley of
Costa Rica. A description of LMWLs per study site is presented in Table 2. The overall
linear relationship of 6°H and §'80 values of precipitation is shown in Figure 3 and com-
pared to the GMWL. A least squares regression of the precipitation isotope data resulted
in a highly significant LMWL: &°H=28.5-5'20+18.2 (=0.98, Figure 3), with a mean
annual weighted value for §°H and 8'®0 of —8.2 and —54.8 %o, correspondingly.
Overall, 5°H and 820 values of precipitation ranged from —114.7 to +8.5 %o and from
—15.6 to —0.7 %o, respectively. §'®0 values exhibited a bimodal pattern throughout
the year (inset Figure 3). Isotope ratios in sporadic dry season (December to April) rainfall
events corresponded to small enriched events (Figure 4(a)-(b)). By mid-May, when the
ITCZ travels over Costa Rica, a sharp depletion in isotope ratios was observed. Shifting
of the ITCZ and the prevalence of MSD conditions across Central America result in
greater isotopic variability throughout the wet season, although isotope ratios are, in
general, more depleted during this season compared to the dry season. The overall
high slopes (7.8-8.8) compared to the GMWL are an artefact introduced by the dry
season samples which exhibited high d-excess values (Figure 4(c)) [49]. Others have
explained high intercepts and slopes to enhanced moisture recycling processes, such
as localized strong convective events fed by evapotranspiration fluxes (e.g. forested
areas within the Central Valley [51]), whereby d-excess increases as a result of increased
evaporate content [63-64]. During the dry season, d-excess composition consistently
showed greater d-excess values up to +26.6 %o, with a mean annual value of +14.4 +
3.9 (10) %o (Figure 4(c)).

Table 2. Local meteoric water lines for each sampling stations, annual averages, and seasonal §'%0
averages in the northern mountainous region of the Central Valley of Costa Rica during 2013.

Annual Annual Dry season ~ Wet season
LMWL for each mean mean Annual mean mean mean

Site sampling station 7 §'%0 (%o) &2H (%o) d-excess (%o) 5'%0 (%o) 5'%0 (%o)
Belén §°H=86-6'%0+200 0.99 -86 —-538 15.0 -23 -9.7
Heredia §°H=876"%0+198 097 -83 -523 144 -29 —99
San Roque §°H=856"%0+195 099 -84 -523 14.9 -25 —9.7
San Rafael §°H=866"%0+188  0.99 -8.1 -50.9 139 -29 —-9.1
Puente Salas  §°H=8.8-6'%0+20.7 0.99 -83 —524 14.1 -2.7 -94
San Isidro §°H=786"%0+112 097 -88 -57.2 133 —2.1 -105
Cipresal §°H=846"0+173 099 —9.0 -57.7 14.1 -2.8 -106

Sacramento  §°H=83-6'%°0+165 097 -9.7 —63.7 138 —40 -109
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4. Discussion
4.1. Amount and altitude effects on weekly and daily basis

Since the pioneering work by Dansgaard [65], the physical understanding of key drivers
affecting 6'80 and §°H in maritime and continental meteoric waters has been a matter
of debate. In temperate regions (above 30° N/S), temperature seasonality explains most
of the observed isotopic variance in collected rainfall and snow samples. However, air
temperature seasonality is virtually non-existent in the tropics (Figure 2(c)), especially
between 10° N/S; thus, the observed isotopic variations must be influenced by other
factors. Regularly, the monthly cumulative precipitation volume has been strongly corre-
lated with isotopic variations. The rationale behind the empirical ‘amount effect’ relies on
the idea that small rainfall events will increase the probability of isotopic enrichment
below the cloud base (i.e. secondary evaporation) and will favour the isotopic exchange
with surrounding moisture. During large rainfall events, relative humidity below the
cloud base is close to saturation and, thus, the moisture exchange is lower as well as
the probability of secondary evaporation as water falls to the ground. This explanation
has been successful when analysing monthly composite samples that may represent
more regional precipitation patterns. Nevertheless, the results of this study demonstrate
that, in tropical regions such as Central America, where convective systems are often
attributed to localized moisture recycling, the ‘amount effect’ relationship is no longer
useful to explain the observed isotopic variations at daily or weekly timeframes.
Figure 5 shows the linear relationships between §'®0 (%o) and the precipitation amount
(mm) in weekly and daily samples collected during 2013. Both weekly (r*=0.22) and
daily (*=0.19) isotope samples exhibited a poor correlation with rainfall amounts.
However, a moderate negative correlation of —1.6 %o 8"80/100 mm (r?=0.52) on historic
monthly composite samples has been reported by Sdnchez-Murillo et al. [17]. The dissipa-
tion of the well-known ‘amount effect’ in the tropics as sampling frequency increases
further emphasizes the need to analyse (a) moisture sources origin, (b) the meteorological
trajectory history, and (c) atmospheric residence times, with particular emphasis across
complex mountainous ranges. The presence of a mountainous range that extends from
the NW to the SE divides Costa Rica into the Caribbean and Pacific slopes, influencing
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Figure 5. Linear regressions between daily and weekly precipitation amounts and §'20 (%o).
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the precipitation regimes in time and magnitude across the country. Particularly, in the
northern mountainous region of the Central Valley, the elevation gradient from approxi-
mately 1000 until 2906 m (Barva volcano summit) produces a significant distillation
effect during the rainy season. The observed altitude effect corresponds to —1.1 %o
50 km™". Sanchez-Murillo et al. [17] have reported a greater altitude effect of —2.0 %o
8'80 km™' across the country from 46 historic stations, corresponding to an isotopic
lapse rate of —0.37 %o §'%0 °C”". Certainly, the combination of high relief topography
and two distinct moistures sources (the Caribbean Sea and the Pacific Ocean) is translated
in clear isotopic spatial patterns in precipitation that can help to clarify groundwater
recharge processes.

4.2, Parental moisture source: HYSPLIT air mass back trajectories

Figure 6 shows the observed and simulated daily §'20 values. A parsimonious four-vari-
able (trajectory terrain height, mix depth layer, relative humidity, and precipitation) mul-
tiple regression model was constructed (r?=0.52, Figure 6 inset). Overall, the model is
able to predict fairly well the enrichment observed during the dry months and the
notable isotopic depletion when the ITCZ poses over Costa Rica. Likewise, the model exhi-
bits a poor to moderate ability to predict depleted events during wet season when loca-
lized convective systems are predominant. On daily timescales, independent of the
precipitation amount, the larger molecule travel time from the cloud base to the
surface under drier conditions facilitates the isotopic enrichment [49]. During the rainy
season, local convective systems present lower condensation levels, therefore, a shorter
molecule travel distance under humidity conditions close to saturation which reduce
the change of secondary evaporation resulting in depleted ratios.

The identification of the parental moisture source of daily precipitation events was
computed using an analysis of HYSPLIT air mass back trajectories. Figure 7 shows the
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Figure 6. Simulated 8'80 (%o0) time series (red line) in relation to observed daily values at Heredia
during 2013. The x-y plot of observed against simulated 630 (%o) at Heredia shows the goodness-
of-fit of the multiple linear regression model.
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HYSPLIT 48 h back trajectories for the dry (blue lines) and wet season (grey lines) in 2013,
respectively. The wind direction and velocity in the study region is greatly influenced by
the seasonal migration of the ITCZ. During the dry season, when the ITCZ is located
south of Costa Rica, air masses travel in a northeasterly (also known as trade winds or
alisios) direction across the country (Figure 7). As the air masses enter the continental Car-
ibbean lowlands, the moisture transport is affected mainly by the Central Volcanic Range
[42,66]; consequently, water molecules experience a orographic distillation process when
crossing the continental divide. Moisture originated in the semi-closed Caribbean Sea
basin travels across the mountain range, where significant distillation (~2 %o §'%0 km™
of air mass lifting) has been reported by Sanchez-Murillo et al. [17]. Wind direction
during the dry season is controlled by a regional moisture transport mechanism, the Car-
ibbean Low Level Jet [66]. This water vapour transport pattern is associated with enriched
rainfall events whereby recycled evapotranspiration fluxes mix with the air masses travel-
ling along the Caribbean lowlands. During the wet season, the precipitation regime is con-
trolled by the presence of the ITCZ across Central America. When the ITCZ moves
northward, cross-equatorial winds from the southern hemisphere recurve to become
southwesterly and transport Pacific parental moisture to Costa Rica combined with a
weakening of trade winds [42]. As a result, intensification in the genesis and development
of deep convection systems on the Pacific coast of Costa Rica occurs. Generally, this
phenomenon is associated with the presence of the ‘Chorro del Occidente Colombiano’
or CHOCO jet [66] towards the south Pacific region of Costa Rica. In addition, large convec-
tive events arriving to the Central Valley from the Pacific Ocean undergo a noticeable oro-
graphic distillation when the air masses are lifted over the continental divide barrier [17],
resulting in depleted isotope samples in Heredia (mean 8'0 = —8.6 %o) during the wet
season. The distinct isotopic composition observed in meteoric waters depending on
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Figure 7. Dry (blue lines) and wet (grey lines) seasons 48 h air mass back trajectories calculated using
HYSPLIT for daily samples at Heredia, Costa Rica.
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whether the parental moisture is originated and transported from the Pacific Ocean or the
Caribbean Sea is further described by the unique groundwater isoscape within the Central
Valley of Costa Rica.

4.3. Groundwater isotopic composition and water resources management
implications

Figure 8 presents the isotopic spatial variability of groundwater within the Grande and
Virilla watersheds and the BAS. Areas relying on Pacific moisture recharge exhibited a
more depleted pattern (i.e. ranging from —8.8 to —11.9 %o in 6'20) towards the northwes-
tern region of the watershed and, according to [51], towards the central and northwestern
region of the BAS. Air masses travelling from the Pacific Ocean experienced a stronger oro-
graphic effect (—2.0 %o "0 km™) [17], resulting in a notable depletion in groundwater
isotope ratios within the northern mountainous region of the Central Valley of Costa
Rica (Figure 8). Conversely, recharge areas of the BAS relying on Caribbean parental moist-
ure show an enrichment trend in §'20 ranging from —5.6 up to —8.0 %o as a result of infil-
tration of Caribbean meteoric water in the northeastern and southeastern region of the
aquifer, as described by reference [51]. This isotopic separation observed in the BAS has
significant implications for current and future water resources management plans. For
instance, it has been documented that ENSO events produce a precipitation surplus in
the Caribbean slope and a notable deficit in the Pacific slope of the Central America
Isthmus [1]. Therefore, understanding groundwater recharge processes is an imperative
for public and private drinking water supply institutions. According to information
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Figure 8. Spatial variation of §'0 (%o) in groundwater samples within the Grande and Virilla water-
sheds area, of which ~68 % (N =288) are located within the estimated boundary for the BAS (black
line).
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provided by a public drinking water administrator within the northern mountainous
region of the Central Valley of Costa Rica [67], the number of total beneficiaries for drinking
water supply was approximately 273,040 in 2014. Estimated water volume supplied in
2014 for this population was 2.85 x 10’ m® (~903.5 L s™'), provided by deep water wells
(1.49 x 10" m?) and direct uptake from rivers and springs (1.36 x 10" m?). For this specific
drinking water provider, it is essential to understand the spatial variability of groundwater
recharge (i.e. Caribbean versus Pacific-originated recharge) to better allocated efforts and
financial resources. In Central America, the estimated cost for a new water well varies
between $400,000 and $1,000,000 [67], while yearly maintenance for each well can cost
up to $25,000. Therefore, new well perforation decisions must be made based on a
solid scientific baseline that takes into account climate ‘shocks’ (interannual-scale) and
climate change resilience (decadal-scale) of groundwater reservoirs [68]. Based on this
water management scenario, consistent and long-term stable isotope measurements in
precipitation and groundwater becomes a fast, inexpensive, and predictable tool to
assess the influence of Caribbean (rainfall surplus) versus Pacific (rainfall deficit) ground-
water recharge during ENSO periods, which may allow a better orientation of economic
and human resources destined to improve (a) future groundwater explorations, (b) drink-
ing water storage and distribution, (c) well production management, and (d) land use and
urban planning across critical recharge areas.

5. Conclusions

This study reports on the isotopic composition of daily and weekly precipitation and its
relationship with groundwater recharge within the northern mountainous region of the
Central Valley of Costa Rica during 2013. Contrary to the previously reported monthly
‘amount effect’, precipitation volume plays a rather minor role explaining daily-scale
isotope variability. The most important drivers (as assessed by Spearman’s rank corre-
lation) were relative humidity and the lifted condensation level. The self-selected multiple
regression models resulted in parsimonious and physically sound explanations of the
variability observed in the isotopic composition of rainfall. Together with HYSPLIT air
mass back trajectories, we were able to further relate the diverse origin of moisture and
transport mechanisms to the observed daily isotopic variability. Therefore, the results of
this study may be used to predict the daily isotopic composition in precipitation elsewhere
in the Central American region with implications for water resource management plans.
The latter could be improved due to a better comprehension of the origin of rainfall
recharging groundwater and the aquifer’s susceptibility to drought induced by a pro-
longed Pacific dry season during ENSO events, which may result in a better water
resources management plan by the public and private drinking water supply institutions.
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