SN

© 00 N O O

10

11
12

13

14
15
16
17
18
19
20
21
22
23
24

25
26

27
28

29

A water balance model to estimate climate change impact on groundwater
recharge in Yucatan Peninsula, Mexico

Edgar Rodriguez-Huerta?, *, Marti Rosas-Casals®” and Laura Margarita

Hernandez-Terrones®

2 Sustainability Measurement and Modeling Lab (SUMMLab), Universitat Politecnica de
Catalunya (UPC — BarcelonaTech), ESEIAAT, Campus Terrassa, 08222 Barcelona, Spain; °
Institute for Sustainability Science and Technology (IS.UPC), Universitat Politécnica de
Catalunya (UPC — Barcelona Tech), Campus Diagonal Nord, 08034 Barcelona, Spain; °
Universidad del Caribe, L-1. Mz 1, Esg. Fracc. Tabachines SM 78, 77528, Cancun Quintana

Roo, México

* Corresponding author: edgar.rodriguez@upc.edu

Abstract:

The aim of this paper is to estimate the effect that climate change will have on groundwater
recharge at the Yucatan Peninsula, Mexico. The groundwater recharge is calculated from a
monthly water balance model considering eight methods of potential and actual
evapotranspiration. Historical data from 1961-2000 and climate model outputs from five
downscaled General Circulation Models in the near horizon (2015-2039), with Representative
Concentration Pathway (RCP) 4.5 and 8.5 are used. The results estimate a recharge of 118 + 33
mm-year— (around 10 % of precipitation) in the historical period. Considering the uncertainty
from GCMs under different RCP and evapotranspiration scenarios, our monthly water balance
model estimates a groundwater recharge of 92 + 40 mm-year (RCP4.5) and 94 + 38 mm-year
(RCP8.5) which represent a reduction of 23% and 20%, respectively, a result that threatens the

socio-ecological balance of the region.

Keywords: Climate change; Groundwater recharge; Yucatan Peninsula Mexico; Monthly

water balance model

1 Introduction

The effects of climate change are already perceptible in many places around the world,

with changes in precipitation (temporal distribution and intensity), (Dore 2005, Trenberth 2011,
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Madsen et al. 2014, Gao et al. 2018) increasing and more threatening periods of drought
(Mulholland et al. 1997, Magaria et al. 1999, Dale and Beyeler 2001), and with a generalized
increase in temperatures (Liverman and O’Brien 1991, Schér et al. 2004, Jauregui 2005). This
rise in the global temperature causes at the same time an increase in potential evapotranspiration
which, combined with rainfall variations, can modify the hydrological cycle of any region
(Findlay 2003, Green et al. 2011, Taylor et al. 2013). All these factors, combined with the
effects caused by the growth and development of societies (i.e. modifications in water flows and
water supply, transformation of the stream network, changes in runoff characteristics, land use,
deforestation and urbanization) (Grobick 2010, Savenije et al. 2014), are causing significant
alterations in the water balance, and negative effects on water availability (Milly et al. 2005,
Bates et al. 2008, Martinez et al. 2015). In the particular case of coastal regions with
socioeconomic activities mostly based on tourism and/or the tertiary sector, and highly
dependent on groundwater (Custodio 2010, Pulido-Velazquez, Renau-Prufionosa, et al. 2018).
Modifications in water flows and supply, together with changes in runoff characteristics and
salinity in coastal aquifers, make alterations in the water balance much more critical (Marin and
Perry 1994, Aranda-Cirerol et al. 2010).

The Working Group 11 of the Fifth Assessment Report of the Intergovernmental Panel on Climate
Change (IPCC) (Jiménez Cisneros et al. 2014) identified a knowledge gap concerning the impact
of climate change on groundwater resources, and how it affects hydrogeological processes in both
direct and indirect ways. Since then, different studies have been carried out to analyze the
relationship between, and variables involved in, climate change and groundwater recharge. For
example, Green et al. (2011), Holman et al. (2012), Taylor et al. (2013), Klgve et al. (2014),
Meixner et al. (2016), Smerdon (2017), compiled key factors and described the effects of climate
change on groundwater and dependent ecosystems. In addition, several case studies Bardossy and

Van Mierlo (2000), Nyenje et al. (2009), Ali et al., (2012), Refsgaard et al. (2016) apply
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bioclimatic output data (precipitation and temperature) of different climate change scenarios to
compare the projected groundwater recharge with the groundwater recharge under the baseline
climate in specific regions. For these reasons, assessing and quantifying the potential impact of
climate change on groundwater resources is a crucial task, especially for those regions with a

generalized lack of bioclimatic data like the Yucatan Peninsula (YP), in Mexico.

We focus on the Yucatan Peninsula due to the importance of groundwater for the region.
YP is high dependence on groundwater since it is practically the only source of supply (around
90%) (CONAGUA 2019). Also, the demographic and economic growth of YP (under the
premise that the region receives a large volume of annual recharge) has caused an accelerated
increase in the exploitation of groundwater in the last 15 years (CONAGUA 2017). Besides,
changes of water balance are expected for the coming years due to precipitation reduction and
temperatures increase on the area (Sanchez Aguilar and Rebollar Dominguez 1999, Ellis et al.
2015), jeopardizing the sustainable use of water. Considering the effects of climate change on
groundwater recharge is the first step for elaborate management alternatives for climate change
adaptation, and generate new boundaries for sustainable yield (Healy 2010) without exceeding
recharge, and without putting at risk the natural discharge that covers multiple ecosystem
services.

Scientific research studies have been carried out in the region in order to establish the
groundwater recharge volume for the following purposes essentially: (a) to describe the
hydrological functioning of the area (Lesser 1976, Villasuso and Méndez 2000, INEGI 2002,
Gondwe et al. 2010, Bauer-Gottwein et al. 2011, SEMARNAT 2015), (b) to establish the
permissible limits for water extraction and supply (CONAGUA 2015a), (c) to analyze the

vulnerability of water resources (Albornoz-Euan, 2007, Pérez Ceballos et al., 2004, Torres et al.,
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2014), and (d) to characterize the groundwater flows that exist in the region (Gonzalez-Herrera et
al. 2002).

In addition, other studies on climate change impacts in the region have focused on
relevant aspects, like changes on bioclimatic parameters description (Orellana et al. 2009), or the
analysis of the vulnerability index of the aquifer to polluting agents (Albornoz-Euén et al.,
2017). Nevertheless, a study about the effects of climate change on groundwater recharge in YP
from a monthly water balance model, applied at a regional scale such as this study has not been
found in the existing literature.

We aim to assess the water balance of the hydrological region XII (CONAGUA 2012)
located in YP to determine the possible effects that climate change will have on the groundwater
recharge. We consider different temperature-based methods for the estimation of the potential
evapotranspiration, and we include the effect of land use and land cover (LULC) in the soil
moisture storage capacity to analyze their influence on the variability of groundwater recharge.
Throughout this paper, we consider groundwater recharge (R) as the potential aquifer recharge.
This is defined as precipitation which filtrates below the root zone and exceeds the maximum of
soil-moisture storage capacity (STC) (Rushton 1988, de Vries and Simmers 2002, Pulido-
Velazquez, Collados-Lara, et al. 2018).

The method was selected considering the available data. Given the region’s high
dependency on this kind of water input, we can find groundwater recharge studies for YP in the
literature. But none of them includes estimation of climate change effects on groundwater
recharge, as we have done in this work. In addition, our aim is to identify the differences in
groundwater recharge applying bioclimatic output parameters of the different climate change
projections. Therefore, we include a model able to estimate groundwater recharge as a function
of the available bioclimatic parameters of the different GCMs (i.e., precipitation and

temperature).
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Another contribution is to generate a tool for visualizing results (section 6), which allows
the user (decision-makers) to make personalized analyzes in different subregions, and choose

different GCMs to visualize their effects on vertical recharge in the YP.

2  Study area: Yucatan Peninsula

In 2010, 13 hydrological-administrative regions were defined by The National Water
Commission of Mexico (CONAGUA), being the YP the Hydrological-Administrative Region
X1l (RHA-XI1-PY) (CONAGUA 2015b). It includes the states of Yucatan, Quintana Roo, and
Campeche. It is located in the southeastern part of Mexico, and it has a territorial extension of
139,897 km? (CONAGUA 2019) (Figure 1). The main source of water in the YP is groundwater,
due to its topological and geological characteristics —karstic platform with dolomites, limestones,
and evaporites—, surface-water runoff and drainage are practically non-existent, with the
exception of some southern parts of the Peninsula (Campeche and Quintana Roo) (Gondwe et al.
2010, CONAGUA 2019), whereby rainwater evaporates, it’s absorbed by plants, soil and
infiltrates to the subsoil (Estrada Medina et al., 2012). Additionally, the high groundwater level
and the lack of soil, make the solutes infiltrate to the groundwater, making it vulnerable to

contamination (Aranda-Cirerol et al., 2010, Pérez Ceballos et al., 2004).

[Figure 1 near here]

The high rainfall (INEGI 2015, CONAGUA 2019), the great infiltration capacity of the
karstic rock, and the reduced topographic slope favors the renewal of the YP groundwater, so
practically the whole area behaves as a recharge zone (Holliday et al. 2007, Bauer-Gottwein et
al. 2011). Previous studies (Table 1) estimated the groundwater recharge between 155 and 255
mm, and a recharge between 12% to 18% of the total annual rainfall, this range being the

consequence of the different methodologies, geographic scale and input data used. However,

5
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although the aquifer receives abundant recharge, deforestation and climate change effects in the
region (i.e., less precipitation and temperature increase) suggest that this recharge will be

diminished in the next years (Sanchez Aguilar and Rebollar Dominguez 1999, Ellis et al. 2015).
[Table 1 near here]

3 Materials and methods

In this section, a description of the water balance model, including information about
precipitation, temperature, soil moisture storage capacity, and sub-models for evapotranspiration
is presented, followed by a description of climate change scenarios and downscaling method.

The estimation of the effect of the climatic change within the hydrological processes
carries several uncertainties (Pechlivanidis et al. 2017, Hattermann et al. 2018). Uncertainty
explores the impact of factors such as data source choice, parameter definition, downscaling
methods, as well as GCM selection and emission scenarios. Through the results of our
manuscript, we present the standard uncertainty (u), which is considered as the standard
deviation from the mean, calculated by the square root of the sum of the squares of the
differences between the result of each GCM or evapotranspiration estimation methods x;
(depending on the case) and the general average x, divided by one less than the number of

measurements N (Giorgi and Mearns 2002):

1/2

e [ ®

3.1 Water-balance model for Yucatan Peninsula

A water balance model consists on the application of the mass conservation principle to
a whole basin, or to a part of it, constrained by some boundary conditions, and during a period of

time (Alley 1984). The difference between the total of inputs and outputs must be equal to the
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storage variation (equation 2). When the unit of time is large, the variations in the stored volume

are negligible and, in that case, inputs equal the outputs (Schulz et al., 2015).

Inputs - Outputs = A Storage @)

The recharge of groundwater (R) can be explained following the precipitation path
(Charles 2003). An amount of the precipitation (P) is returned to the atmosphere through
evapotranspiration. Actual evapotranspiration (ET,) refers to water that returns to the atmosphere
from vegetated areas by the evaporation of soil, plant surface, and soil, water absorbed by the
plants roots and transpired through leaves. Water infiltrated into the soil that is not returned to
the atmosphere by evapotranspiration moves vertically downwards, going into groundwater
when it reaches the saturated zone (Figure 2). Surface runoff (RO) processes have not been
considered since they do not practically occur in the study area due to the high infiltration

capacity of karstic formations.

[Figure 2 near here]

According to the physical conditions of the YP and the methodology for estimating the

monthly water balance, the following assumptions were considered:

e The entire surface works as a recharge area (Holliday et al. 2007, Bauer-Gottwein et al.
2011).

e Runoff is considered negligible, given the reduced topographic slope and geology
characteristics (Albornoz-Euan 2007, Cervantes Martinez 2007, Gondwe et al. 2010,
Carballo Parra 2016).

e Groundwater recharge includes, but does not distinguish between, recharge to aquifers

and non-aquifers.
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e  Our model only includes natural groundwater recharge, and dismiss withdrawals of
groundwater.

e Changes in the parameters of land use change caused by human intervention, as well as
the effects on soil cover, and vegetation patterns were omitted (Section 5).

e Recharge from surface water bodies and submarine groundwater discharge (SGD) (Null
et al. 2014) are discarded.?

To calculate the groundwater recharge, we adapted the monthly water balance model

developed by Thornthwaite (Thornthwaite 1948, Thornthwaite and Mather 1955, 1957)

(equation 3). We consider model type T properties, described by Alley (1984). In this type of

models, it is assumed that the soil has a specific soil-moisture storage capacity STC, and

moisture is added or subtracted monthly, depending on whether the precipitation is greater or

less than evapotranspiration, as long as it remains within the maximum capacity of soil

moisture SM (Alley 1984).

R =P —ASM —ET, (3)
3.1.1 Precipitation and temperature

We use the monthly reference climatological database for the period 1961-2000 from
meteorological stations of the National Service (abbreviated to SMN in Spanish) with quality
control, incorporated topographic effect and with a high spatial resolution (926 x 926 m)
(Fernandez Eguiarte et al. 2015a). The reference climatology is the result of the Digital Climatic

Atlas of Mexico (DCAM). DCAM is developed in the Informatics Unit for Atmospheric and

! Surface water bodies and SGD occurs around the coast of the peninsula with estimated
discharges between 23,500 m® km? d! (Hanshaw and Back 1980) and 40,000 m® km? d* (Valle-
Levinson et al. 2011).
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Environmental Sciences (abbreviated to UNIATMOS in Spanish) of the Centro de Ciencias de la
Amtdsfera of the Universidad Nacional Autonoma de México (abbreviated to UNAM in
Spanish) (Fernandez-Eguiarte et al. 2010, Fernandez Eguiarte et al. 2015b).

The monthly averages of bioclimatic parameters are calculated from a daily
climatological database from the SMN from 1961 to 2000 from more than 5200 meteorological
stations, considering only those stations with more than thirty years of records. Subsequently,
they obtained the difference between monthly averages of each station, and the corresponding
value in the average monthly climatic surface of the WorldClim-Global Climate Database (1950-
2000)2 (Hijmans et al. 2005). From the set of differences, they eliminated the stations whose
values were above or below two standard deviations in each corresponding month. Finally, they
applied spatial interpolation of the remaining differences using inverse distance weighted method
(IDW) (Lu and Wong 2008) at very high resolution (926 m) according to the same methodology
implemented by Hijmans et al. (2005), which was added to the reference surface of WorldClim-
Global Climate Database, getting a process of quality control and that consider the topographic
factors. From these source data, in this paper, we use monthly averages of maximum, minimum,

and mean temperature, as well as accumulated monthly precipitation for the area RHA-XII-PY.

3.1.2 Soil-moisture storage capacity

Soil-moisture storage capacity STC (equation 4) or water holding capacity (Thornthwaite and
Mather 1955, 1957) is the total amount of water in the soil (reserve) that is susceptible to
evapotranspiration (British Columbia. Ministry of Agriculture 2015). It depends mainly on two
factors: the root depth of the vegetation RDV and the available water capacity AWC, which is

related to soil characteristics, such as texture, and percentages of organic matter or sands and

Z Interpolated climate surfaces for global land areas at a spatial resolution of 30 arc s.

9



218  clays (Thornthwaite and Mather 1957):

219 STC = AWC - RDV (4)

220  AWC can also be explained as the water available to plants from the time the soil stops draining
221  water to the time the soil becomes too dry to prevent permanent wilting. It is calculated (equation
222 5) as the difference between field capacity FC and permanent wilting point PWP (USDA (US
223  Department of Agriculture Natural) Resources Conservation Service 1998, Kirkham 2014,

224 British Columbia. Ministry of Agriculture 2015):

225 AWC = FC — PWP (5)
226
227 FC and PWP can be obtained empirically equations (6) and (7) considering the

228  percentages of sand (%s) and clay (%c) in the soil, (Saxton and Rawls 1986) equations (8) and
229  (9). To obtain the values of AWC for YP, percentages of sand and clay from the soil profiles

230  were taken from INEGI (2014, 2013a):

231 FC=(2EE )B_l (6)
232 PWP=(Z )B_l (7)
233 with

234 A = exp(—4.396 — 0.0715(%c) — 0.000488(%s)% — 0.00004285 (%s)2(%c) (8)
235 and

236 B = —3.14 — 0.00222(%c)? — 0.00003484(%s)2(%c) (9)
237

238 Land-use / land cover (LULC) plays an important role in the retention of water in the

239  soil. Tropical forests have deeper roots so that water retention is greater than in pastures. The
240  depth of mature roots is given by Thornthwaite and Mather (1957), according to the type of

241  vegetation cover (Table 2). Five categories of typical vegetation-root depths for five different

10
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soil types are provided (Charles 2003). These parameters have been associated with the different
land uses given by INEGI (2013b). The 75 different land uses have been grouped according to
the maximum root depth ranges (see supplementary material, Table S1). Soil layers and LULC
have been integrated with the parameters established for each component, therefore STC values
for the entire region can be obtained (Figure 3). The combination of soil and LULC data gives us
a specific STC value for each YP area, that ranges from 50 to 300 mm, with an average® of 118

mm, and a standard deviation of 38 mm.

[Table 2 near here]

[Figure 3 near here]

3.1.3 Evapotranspiration

The estimation of the potential evapotranspiration ET, was made with several temperature-based
methods?*, since the temperature is the fundamental and only parameter available in the definition
of the different climate change scenarios (Table 3). Results are compared with a ET, reference

value, estimated globally by FAO (2017).

[Table 3 near here]

The different parameters in Table 3 are defined as follows:

% According Messina and Conner (1998) when STC is unknown, 150 mm is considered as a
globally accepted value. For YP STC = 100 is a commonly accepted value (Orellana et al.
2009).

* The exponent of the Hargreaves equation is adjusted from 0.5 to 0.424 according to studies in

other regions with similar weather conditions (Tabari et al. 2013).

11
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T;, mean temperature for each month i, in °C.

I, annual heat index:

%jl (%)1.514- (10)

a, constant:

a=(*%x675x10"%) — (I?x 771 x1077) + (I X 1792 x 107°) + 0.49239 (11)

N, theoretical sunshine hours for each month (Allen et al. 1998):

24
N = ? Wg (12)

ws, radiation angle at sunset time, as a function of the latitude (¢) and day of the year
(Allen et al. 1998). Here we use the average day of the month, as suggested by Klein
(1977).

d, number of days in each month.

e, saturated water vapor density term:

es = 0.6108exp (=~ )

T;+237.3

(13)

R,, extraterrestrial radiation for a specific latitude and day (Allen et al. 1998, Duffie and
Beckman 2013),

a and b, model parameters related to wind speed, relative humidity, and current
insolation. For YP climate conditions: a = —1.75 and b = 1.06 (Ponce 1989),

p, percentage of total daytime hours for the period over total daytime hours of the year.

ET, depends on the precipitation with respect to the potential evapotranspiration, and the

available moisture in the soil for each month i (S;). When P is greater than ET,, the soil remains

humid, and ET, is equal to ET,. In this case, Si is equal to the difference between P; and

12



280

281

282

283

284

285

286

287

288

289

290

291

292
293

294

295

296

297

298

299

300

301

302

303

(ET,); plus the soil moisture quantity of the previous month (S;_,), as long as the value is less

than STC:
ETa; = ETo; for P; = ETo; (14)
AS; =S;—S;_4 (15)
Si = mln{(Pl - ETOi) + Si_l,STC} (16)

In contrast, in months when P, is less than(ET,); , the soil dries and (ET,); is lower than (ET,); .
Under this circumstance, (ET,); is equal to P; plus the soil moisture that can be withdrawn from
storage at the end of month i (AStorage) (Thornthwaite and Mather 1955, Alley 1984). In this

case, S; is expressed as:

ETa; = P; + S;_1exp [(P‘;TECTO‘)] —S;_1for P, < ETo; (17)

We can assume that groundwater recharge occurs when P; exceeds ET,, , and S; equals STC:
AR = (P; — ETo;) — (STC — S;_,) else O for P; > ETo; and S; = STC, (18)

To initialize the calculation procedure, we made an assumption: S, is the last month of
the wet season (September for YP) and is equal to STC (Thornthwaite and Mather 1957).
However, in regions where annual ET,, is greater than precipitation, available moisture in the soil
remains below STC so a second integration of the procedure is necessary to perform an
adjustment to the initial value of STC, assuming that S;5 = S; until reaching S,, = S;,.
According to the four methods (Table 3) and FAO’s reference ET,, the average ET, value
for the YP is 1420 + 117 mm-year, with slight differences between the states:
e Campeche: 1432 + 117 mm-year
e Quintana Roo: 1400 + 118 mm-year

e Yucatan: 1430 + 118 mm-year*

13
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As shown in Figure 4, results for the different methods show ET,average values from
1040 to 1161 mm-yeart. Compared with the rest of the methods, and the FAO reference values,
the THO method overestimates ET,. This is in accordance with observations of Alkaeed et al.
(2006), highlighting the inconvenience of using this method for humid climates. Thus, here we

do not include this method for obtaining the average value for groundwater recharge.

[Figure 4 near here]

3.2 Climate change scenarios

In most cases, the selection of GCMs contributes to most of the uncertainty of the impact
of climate change (Giorgi and Mearns 2002, Ali et al. 2012, Hattermann et al. 2018). To
represent the range of uncertainty in near-future climate projections, our study in the RHA-XII-
PY is based on four different General Circulation Models (GCM) and a reliability ensemble
averaging (REA) (Cavazos et al. 2013, Colorado-Ruiz et al. 2018) (Table 4). Selected GCMs are
based on two Representative Concentration Pathways (RCP): 4.5 (low emissions) and 8.5 (high
emissions) in the near future 2015-2039, and datasets were downloaded in the corresponding
climatic atlas update for Mexico (Fernandez Eguiarte et al. 2015a).

GCM scenarios of Digital Climatic Atlas of Mexico by Fernandez-Eguiarte A., J. Zavala-
Hidalgo (2010) were developed based on 4 of the 15 models of the project ‘Coupled Model
Intercomparison Project, Phase 5 (CMIP5)’ which provides projections of future climate
change on two-time scales, near term (out to about 2035) and long term (out to 2100 and
beyond) (Taylor et al. 2012).

The GCMs and REA applied are described in Table 4, indicating the historical period and
ensemble. The adaptation of GCMs to Mexican territory (including downscaling) is described by
Cavazos et al. (2013), and Fernandez Eguiarte et al. (2015b). Monthly variables used were
selected according to the periods defined by the “Digital Climatic Atlas of Mexico” project. For

GCM, the historical climate time span used is 1961-2000, and for near-future projections it is

14
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2015-2039. The proposal to establish a period of 25 years (near-future) is based on a new
strategy for climate change experiment (Hibbard et al. 2007, Meehl et al. 2009, Doblas-Reyes et
al. 2011, Kirtman et al. 2013), and it is according to the needs of the end-users defined in the
IPCC workshops (Moss et al. 2008).

The downscaling method applied is Change Factor Method (CFM) (Wilby et al. 2004, Tabor and
Williams 2010, Matonse et al. 2011, Hawkins et al. 2013, Navarro-Racines et al. 2015). The
GCMs were cut in space (0 to 40 N and — 140 to — 60 W), and the resolution was homogenized
(0.5° x 0.5°) by a bilinear interpolation with the Climate Data Operators (CDO) platform by Max
Planck Institute (Schelzweida, 2019). Subsequently, monthly variation layers were obtained by
subtracting the near future projections values with their respective reference climatology. The
new variation grids were subdivided into 30 x 30" to preserve the original values of each GCM
for their respective RCPs and horizons. Finally, the corresponding historical monthly values
(section 3.1.1) were added to these high-resolution grids. In the case of REA, monthly variations
were averaged over a 30 year period (1971-2000) and the validation was made using
climatological metrics of the East Anglia Climate Research Unit (CRU) (Cavazos et al. 2013,
Colorado-Ruiz et al. 2018). The apparent inconsistency of comparing time periods with different

lengths (1961-2000 vs 2015-2039), is essentially explained in terms of data availability.

[Table 4 near here]

For RCP4.5, all GCM models estimate an increase in the average annual temperature (T), which
ranges from 0.67 to 1.37°C, while they reach up to 1.43°C in RCP8.5. However, precipitation
shows a different behavior. Two models estimate an increase in annual precipitation of 12 and 60
mm-year~ in the estimation of precipitation (CNRM-CM5 and GFDL_CM3), while the other

three models estimate a reduction of 66 mm-year on average (-5%).

The results are divided as follows:
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1. Firstly, a monthly water balance model of RHA-XII -PY is performed with the
historical climatic data 1961-2000; this is compared with other studies to observe
coherence in our results and to validate the model.

2. Secondly, we apply the same monthly water balance model but this time with
output data of climate change scenarios and for the 2015 -2039 horizon, in order

to establish the range of variation in groundwater recharge.

4  Results

4.1 Current recharge

According to the different methods, the recharge of RHA-XII-PY varies from 43 mm-year
(THO) to 143 mm-year* (HAM) If we consider the reference values of FAO (2017), the
recharge is around 72 mm-year (Figure 5). The most important recharge areas are the
southwestern and northeastern part of the Campeche and Yucatan states (between Cenotillo and
Tizimin municipalities) respectively. In general, the northern coast of Yucatan does not receive a
vertical recharge contribution. However, the area receives a contribution by groundwater flow
(Gonzélez-Herrera et al. 2002, Bauer-Gottwein et al. 2011, Pérez-Ceballos et al. 2012). In
addition, Figure 5 shows that the recharge occurs between July and November, being September
the month with the highest contribution, with 46 mm-year— average of groundwater recharge in
the RHA-XII-PY. The months with the highest groundwater recharge contribution in the model
corresponds to the weather-related seasons, being the rainy season for the YP from June to

November, with a peak between August and September (CONAGUA 2019).

[Figure 5 near here]

4.2  Sensitivity analysis

Compared to other studies (Table 1), our results tend to underestimate the groundwater recharge;
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this can be due to several factors. Firstly, the precipitation data with monthly periodicity tend to
underestimate the groundwater recharge by around 3% compared to daily data (Rushton and
Ward 1979). Secondly, according to Rushton and Ward (1979), temperature-based methods
underestimate groundwater recharge because they only consider groundwater recharge when the
soil reaches its STC, which constrains the recharge during summer months. This is precisely
what happens in our model, which underestimates this value around 25%. In these particular
cases, Lloyd et al. (1966) suggest modifying ET, calculation for the months when P is less than
ET,. The reason lays in the evaporation rates of dry soils, which can be only 10% of the potential
evaporation. Finally, it is necessary to analyze the effect of STC within the model, since usually
it is considered as a constant value. To identify these factors, a sensitivity analysis has been

performed considering two scenarios:

e Variation in ET, calculation equal to P plus 10% of ET, — P (equation 19) when P is less

than the ET,:

ET, =P+ 0.1(ET, — P) (19)
e Null variation in STC, with a constant value of 200mm for the whole peninsula (Orellana

et al. 2009) to obtain a range closer to the current groundwater recharge (Table 5).

[Table 5 near here]

The constant value definition of STC = 100, concerning the STC calculated in this study,
represents an increase in the groundwater recharge result of around 8%. This change in the
evaluation of ET, has an important effect, since it modifies our previous estimation in
approximately 26%, which is aligned with what was reported by Rushton and Ward (1979).
Likewise, we observed that THO method underestimates the groundwater recharge due to the

high values of ET,, so this method was excluded in the calculation of climate change scenarios.
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Considering the results shown in table 5, we choose four methods using the conventional one
proposed by Alley (1984) equation (15) to (18) and four with the modified A2 according to
Lloyd et al. (1966) (equation 19):

(1) BLA method (Blaney and Criddle 1950) as the lower limit of the recharge,

(2) HAR (Hargreaves and Samani 1985),

(3) HAM (Hamon 1961) as the upper limit,

(4) Awveraging results from HAM, BLA, and HAR methods,

4.3 Relationship between precipitation and recharge

As expected, there is a direct correlation between precipitation and recharge (Figure 6).
We integrate the recharge results with the RHA-XII-PY precipitation data in order to generate a
scatterplot and to identify the relationship that exists between them. In addition to the linear
correlation between recharge and precipitation (which serves to make a simple estimate of the
recharge from precipitation), a limiting value is observed, where no recharge is produced below
798 mm-year~! annual rainfall (Figure 6, red horizontal line); this is a remarkable outcome since
it suggests that a region with an annual rainfall below this threshold, will stop receiving natural

recharge by infiltration.

[Figure 6 near here]

4.4  Climate change effects

When we apply the different outputs of climate change projections to water balance model, the
results show an average annual recharge of 91 + 39 mm-year, and 94 + 38 mm-year!, for RCP4.5
and RCP8.5 respectively, which represents a reduction between 23% and 20% in groundwater
recharge, based on historical data. Table 6 shows recharge values for each method according to
the precipitation and temperature estimations of the climate change projections. We observe that

an increase in the representative concentration pathway from 4.5 to 8.5, implies a slight reduction
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in recharge: between 1% and 2%. Results on the percentage of change concerning current recharge
values depend on the chosen methodology: methods that only use mean temperatures for the
calculation of ET, (i.e., HAM and BLA) have a highest decrease. For example, HAM methods
(conventional and A2) decrease between 29% and 24% for RCP4.5 and 8.5, BLA methods reduce
between 23% and 21%. While the method that includes the maximum and minimum temperatures

(i.e., HAR) gives a much lower decrease, of 14% and 11% for RCP4.5 and RCP8.5, respectively.

[Table 6 near here]

For the case of RCP4.5, the average decrease of the groundwater recharge is 27 and
32mm-year~* for the conventional methods and the A2 respectively. While for the projections
RCP8.5, the reduction is 26 and 28 mm-year~ (Figure 7). If we analyze each climate projection
output individually, five of the 20 combinations of climate change projections and ET, have a
positive effect groundwater recharge, being GFDL_CM3 the only one with positive effect in
RCP and both methods (conventional and A2), with an increase between 7 and 28 mm-year
compared with historical data. The most dramatic reduction is estimated for HADGEM2_ES
(conventional methods) with an average reduction of 54 mm-year—* compared with historical

data.

[Figure 7 near here]

Although most GCMs indicate a reduction (including REA), the GCM contributes to
most of the uncertainty of the impact of climate change, coinciding with other studies on
uncertainty (Giorgi and Mearns 2002, Pechlivanidis et al. 2017, Vetter et al. 2017, Hattermann et
al. 2018). The uncertainty related to GCM indicates that our results should be considered with

caution since two GCMs (CNRM_CM5 and GFDL_CM3) have different recharge patterns.
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The effect on groundwater recharge across the YP is certainly heterogeneous. Our models
give different patterns of recharge distribution as a result of the effects of climate change on each
state of the peninsula. According to our results, the recharge will certainly decrease, with the
most relevant effects in the center, west, and northwest, presenting a high risk of not receiving
vertical recharge in these areas (Figure 8). Additionally, we present in the supplementary
material (Figure S1 and S2), the spatial distribution of the difference in groundwater recharge

between projections and historical data for each GCM.

[Figure 8 near here]

5 Discussion

Given the irregular and thin thickness of soil layer of the YP, the infiltration from
meteoric recharge (precipitation) is fast, due to fractures, and it is drained to the aquifer; this
supports the idea that base flow comes from the interior of the Peninsula (Neuman and Rahbek
2007). The results obtained by our model are in agreement with the estimation obtained with a
simple water-balance calculation by Lesser (1976) of 150 mm-year (around 14% of mean
annual precipitation), and by Hanshaw and Back (1980), Back (1985), with similar results of
Lesser (1976). However, Beddows (2004) estimated a groundwater recharge between 30 and
70% of mean precipitation for Quintana Roo coast. Recently, Gondwe et al. (2010) computed a
recharge value equivalent to 17% of average precipitation.

When we disaggregate our results at the state-municipality level, we can compare the
allocated volume for different uses (CONAGUA 2017) with groundwater recharge for each
municipality. Although basic (because it does not consider underground flows to the coast),
allows the generation of an 'elementary local water ecological footprint' to determine if it is
possible to satisfy the local needs by only covering its 'theoretical’ recharge within the
administrative boundaries, and only exploiting the aquifer flows that goes from south to north,
without affecting or intervening in the recharge of neighboring municipalities. We identify sub-

20



473

474

475

476

477

478

479

480

481

482

483

484

485

486

487

488

489
490

491

492

493

494

495

496

497

regions where recharge modifications will be most critical in Figure 9, considering method
AVG-A2 with GCM CNRM-CM5 RCP4.5. Location of water permits in YP for every
economic sector are shown in Figure 9 (a), with the extension of agricultural activities, industrial
hubs, and main urban and tourism (i.e., services) areas on the Caribbean coast. Municipalities (in
population size) and vertical recharge distribution of the groundwater (with GCM results
considered as background) are shown in Figure 9 (b), where color indicates the ratio between
allocated (i.e., use) and recharge water values.

Municipalities at the northwest region (: i.e., North-Yucatan (32) hydrological basin)
present the worst ratio (i.e., approx. — 66%). With a population of approx. 2,000,000 (45% of the
YP population), this region has an actual water consumption of 935 hm? (72% primary sector,
4% secondary, 2% tertiary, 22% public supply), which represents 20% of the water use in YP
(CONAGUA 2017). However, due to the demographic growth of 20% expected by 2030
(CONAPO 2014), with an industrial growth in the area linked to the hub port in Progreso,
associated with the tourism potential of the coastal zone, water consumption and demand will

possibly increase at a higher rate in the upcoming years.

[Figure 9 near here]

Official data (CONAGUA 2019) refer to recharge (and renewable water) as an average
result across the YP. Studies on the estimation of recharge on a smaller scale raise awareness
about the differences that exist within the same territory. Regionalization contributes to
information support, planning of productive activities, defining the growth of specific areas
where the resource may be compromised; and should be considered before allocating water uses,
in such a way, avoided locating large extractions in sub-regions with potential risk or
vulnerability. The results of the present study can provide more reliable future predictions about

the potential impact of climate change of groundwater recharge in YP.
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For example, the last major water allocation in Yucatan —with 7 hm?® per year, around
26% of water for industrial use (excluding electricity-generation) (Consultores en Prevencion y
Mitigacion de Impactos Ambientales 2015, CONAGUA 2017), was assigned after the
environmental impact statement justified the application of projects in Yucatan, because the
region (the whole YP) has a high annual availability of groundwater, and therefore, ‘will not
cause the affectation, stress or significant decrease of the water of the subsoil’.> However, the
project is located in areas where vertical recharge, as well as availability, is much lower than the
average of the entire hydrological region (Figure 9) and does not consider specifications about
the actual availability and the effects of the urban contexts that are located to the north, and that
will reduce their groundwater flow for their supply.

Our model presents a conservative estimate, based on a monthly water balance, and, as
mentioned in section 3.1, it dismisses the submarine groundwater discharge (SGD), as well as
some parameters of hydraulic diffusivity and transmissivity that determine the groundwater flow
and storage through the porosity and fractures of the karstic aquifer (Bakalowicz 2005). At the
same time, it also dismisses groundwater flows, due to karstic characteristics of the aquifer
(Gonzalez-Herrera et al. 2002, Perry et al. 2009). These flows are assumed to run radially across
YP, following the belt of sinkholes (cenotes) (Steinich and Marin 1997, Gonzéalez-Herrera et al.
2002), starting from Sierrita de Ticul (main physiographic feature with a maximum elevation of
275 meters above sea level) located in the southern of YP, about 70 km south of Mérida (Marin-
Stillman et al. 2008) and ending at the northern coast of the peninsula. In this sense, vertical
recharge of groundwater (from precipitation) is only one component within a more complex

system such as the water cycle, and further research needs to be conducted to analyze the effects

® Chapter I11. Section: conservation criteria, point 12 (Consultores en Prevencion y Mitigacion de

Impactos Ambientales 2015)
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on water demand at a different spatial level, as well as estimate precisely the groundwater
recharge magnitudes for the YP karst aquifer and coastal outflow from the aquifer to the ocean,
which could buffer the effects of climate change in the northern region of YP.

Although it is usual to use historical periods of the same length, due to the availability of data,
the length of the period of historical data differs with the climate change projections (40 vs. 25
years). We assume that using a baseline climate period of 40 years (1961 — 2000) with horizons
projections of 25 years (2015 — 2039) does not generate significant differences when estimating
monthly variations between future projections and the historical period. However, for future
studies and to improve methodological consistency, it would be more convenient to use periods
with similar length.

Furthermore, water balance, vegetation, and soil dynamics are complex with multiple
feedback loops (Rodriguez-Iturbe 2000, Asbjornsen et al. 2011). Several models (Breshears and
Barnes 1999, Shnerb et al. 2003, Kefi et al. 2008, Huisman et al. 2009, Li et al. 2009, Zhou et
al. 2015) describe how alterations in the hydrological cycle change vegetation patterns. A
decrease in precipitation will cause greater competition over this resource, which will initiate
adjustments in the vegetation. In the first instance, reducing the density of the cover, generating
vegetation patterns, and converting what was a uniform cover into another with areas of bare soil
until reaching a new equilibrium of the ecosystem (Klausmeier 1999, Shnerb et al. 2003, Kefi et
al. 2008, Solé 2011). These interactions can be studied from the theory of complex systems and

open a future line of research on the effects of climatic change on YP.

6 Conclusions

We applied a monthly water balance model for the estimation of groundwater recharge in
the Yucatan peninsula (YP). We evaluated the effect of the uncertainty generated during the
calculation of groundwater recharge based on eight methods of potential and actual

evapotranspiration as well as the effect of the soil-moisture storage capacity. In the historical
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period ((1961 — 2000), groundwater recharge is around 118 + 33 mm-year*, which represent
about 10% of the precipitation.

Subsequently, we used climate model outputs from four downscaled General Circulation
Models (GCM) and a reliability ensemble averaging (REA) in the near horizon (2015 — 2039),
with representative concentration pathway (RCP) 4.5 and 8.5 to determine the impact that
climate change projections will have on groundwater recharge. Considering the uncertainty from
the GCMs projections, our monthly water balance model estimated a groundwater recharge of 92
+ 40 mm-year (RCP4.5) and 94 + 37.9 mm-year~! (RCP8.5), which represent a reduction of
23% and 20% respectively. The selection of GCM generates the greatest uncertainty of the
factors in the study. The use of multiple GCMs offers a range of possibilities that should be
considered in the definition of policies for determining the sustainable performance of
groundwater in the region.

The impact on groundwater recharge will be different across the peninsula. On the one
hand, any region where the precipitation falls below 800 mm will compromise its vertical
recharge. In this sense, the northern region - where precipitation is lower - will depend even
more on groundwater flows coming from the central region, where recharge is expected to
decrease. On the other hand, the combination of temperature increase and precipitation reduction
will be more evident on the west coast of the region.

These changes in the water cycle of the region should not be ignored and will be an
important condition for establishing new limits for the extraction of water in the region. Our

study serves as a new reference to describe the problemshed® of groundwater in YP. Itis a

6 Problemshed: It refers where a problem or solution is generated or impacted. It involves a

geographical and social context, and it relates actions, influences, and needs. It means a change
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starting point to assess the region's renewable water (mostly from groundwater) considering
future demand and socio-economic characteristics.

The application of downscaling methods in climatological data and climate change
scenarios provides more precise information at the geographical level than the average recharge
of groundwater, habitually used, and even questionable from a regional point of view. Water
balance at a lower scale improves our ability to understand and estimates the effects of climate
change on water availability. Our results, open and freely available, have been transferred to a
dashboard’ to compare specific regions (from map cell (926 m x 926 m), in order to explore
climate change effects on groundwater recharge in the YP at different spatial levels
(municipality, state or hydrological basin). This data visualization tool expects to be an auxiliary
display for decision making support, to simplify the analysis, and to deepen into the geographic

and socio-ecological dimensions of water in the Yucatan Peninsula.
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9 Data Availability

In order to facilitate the model reproduction and apply under different climate change scenarios,
the R code is attached in the following link —expecting it will serve as a support for the different

hydrological studies that are being developed in the region—.
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972  Table 1. Summary of Yucatan Peninsula recharge studies. P, precipitation, ET,, actual

973  evapotranspiration, R, recharge, NA, not available/specified)

974

Reference Method P ETa R Area
(mm) (mm) (mm)
Lesser (1976) Turc (1961) 1050 900 150 YP
Hanshaw and Back (1980) NA NA NA 150 YP
Villasuso (2000) Thornthwaite (1948) 1300 1060 240 YP
Gonzalez-Herrera (2002) AQUIFER model (1991) 1300 NA 233 Yucatan
INEGI (2002) NA 1135 900 230 Yucatan
Pérez and Pacheco (2004) NA NA NA 110 - 300 Yucatan
Albornoz-Euan (2007) Turc (1961) 1200 - 1500 600 - 800 0-491 Yucatan
Gondwe et al. (2010) Priestley-Taylor equation )¢ 960 200 YP
(1972)
North and
Torres Diaz, M.C. (2014) NA NA NA 198 -276  center of
Yucatan

SEMARNAT (2015) Penman (1948) 1070 NA 182 YP
CONAGUA (2015a) NA 1100 - 1430 1236 146 YP
Carballo Parra (2016)  Hargreaves (1985) 1200 NA 220 - 360 Q“F';:sna
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977

Table 2. Maximum mature root depth (m). Source: Charles (2003), Thornthwaite and Mather

(1957)
Soil Texture INEGI Shallow- Moderately-
o Deep-rooted Orchard ~ Mature forest
Classes Classification rooted rooted
Fine sand A 0.509 0.762 1.015 1.524 2.539
Fine sandy
L 0.509 1.015 1.015 1.692 2.030
loams
Silt loams Cl 0.634 1.015 1.271 1.524 2.030
Clay loams Cr 0.405 0.814 1.015 1.015 1.625
Clay R 0.253 0.509 0.677 0.677 1.189
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Table 3. List of ETg calculation methods considered in this paper

Method (AKA) Reference Formula Parameters
_ Thornthwaite a
Thornthwaite (THO) ET = 16 (10 X Ti) N d Ti,L a N, d
(1948) o= I 12 30
Hamon (HAM) Hamon (1961) d21N? e Ti,es, N, d
ET. =—__ 5
° T T ¥2732
Hargreaves and 0.424 Tmax, Tmin,
Samani (1985) Ra
Blaney and ET, = a + bp(0.46T; + 8.13
Blaney-Criddle (BLA) o p(046T; ) Ti,ab, p

Average (AVG)

Criddle (1950)

Combined

Average of all previous
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980 Table 4. Summary of GCM scenarios. Average of GCMs with uncertainty. Negative

981  precipitation in bold.

Differences RCP
4.5 with historical

Differences
RCP 8.5 with

data historical data
GCM Institute Ensemble  Historical T (°C) P(mm) T (°C) P (mm)
period
CNRM-CM5 Centre National de rlilpl 1961 - 2000 0.67 121 0.72 38.4
Recherches
Meteorologiques
GFDL_CM3 Geophysical Fluid rlilpl 1961 - 2000 131 59.7 1.37 38.9
Dynamics Laboratory
HADGEMZ2-ES Met Office Hadley rlilpl 1961 - 2000 1.31 -67.7 140 -22.4
MPI_ESM_LR Max-Plank Institute rlilpl 1961 - 2000 0.95 -74.0 1.09 -73.6
Reliability weighted ensemble 1971 - 2000 1.37 -57.7 1.43 -58.8
Ensemble projection that
Averaging (REA)  considered fifteen GCM
Cavazos et al., (2013),
Colorado-Ruiz et al.,
(2018)
Average of GCMs 1.12 -25.5 1.2 -15.5
+029 560 029 +50.0
982
983
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984  Table 5. Groundwater recharge according to model sensitivity analysis factors. A2: Alternative
985 ET, (equation 19). AVG only considers HAM, HAR and BLA methods.

986

987 Groundwater recharge (mm-year™) Percent change (%)

088 Method  Conventional A2 STC =100 A2 STC =100

989 FAO 72.5 96.7 80.1 33% 10%
THO 43.3 59.4 45.8 37% 6%
HAM 143.4 176.1 153.1 23% 7%
HAR 102.4 130.0 111.5 27% 9%
BLA 68.2 91.3 4.7 34% 10%
AVG 104.7 132.5 113.1 27% 8%
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994

Table 6. Effects of climate change on groundwater recharge in YP. Projections shown for
RCP4.5 and RCP8.5 include the uncertainty of the mean of 5 GCMs by each method and

percentage change concerning current values.

ET,

Recharge (mm-year™)

Percentage change (%)

calculation Method Current RCP 4.5 RCP 8.5 RCP 4.5 RCP 8.5
HAM 1434 1018 +394 1035 +357 ~29% -28%
_ HAR 102.4 878 +347 903 +304 -14% -12%
Conventional BLA 68.2 533 4242 537 +21.0 -22% 21%
AVG 104.7 775 +326 790 +289 -26% -25%
HAM 1761 1304 +428 1347 +406 -26% -24%
a2 HAR 1300 1115 +403 1166 +37.1 -14% -10%
BLA 91.3 701 +303 726 +27.9 -23% -20%
AVG 1325 1009 +383 1046 +355 -24% 21%
Global average 118.6 917 +394 944 +37.9 -23% -20%
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Figure 1. Location of Yucatan Peninsula, Mexico.
Figure 2. Water-balance model diagram. Adapted from McCabe and Markstrom (2007)

Figure 3. (a) Available water capacity (AWC). (b) Vegetation root depth category. (c) Soil-
moisture capacity (STC) in the YP

Figure 4. (a) ET, in Yucatan Peninsula by method. (b) ET, by state and month. (See Table 3 for

name method reference)

Figure 5. Recharge of groundwater (mm-year) simulation. (a) results for ET, methods. (b)

monthly recharge for the whole area of the YP.

Figure 6. Correlation between precipitation P (mm-year?) and recharge R (mm-year?) for every

grid (926 x 926 m approximately).

Figure 7. Boxplot differences between projections and historical recharge for GCM RCP4.5 and
RCP8.5. Red dashed line: GCM average. Each mark represents the difference in the average
value of each grid using the four methods described. Boxes indicate the interquartile model
spread (range between the 25th and 75th quantiles). Whiskers display all points within 1.5 times

the interquartile range.

Figure 8. Spatial distribution of average differences between projections and historical data in
groundwater recharge for RCP4.5 (a) and RCP8.5 (b).

Figure 9. (a) Water uses in YP by sector, size allocated volume (hm?). (b) Ratio between

recharge and uses by municipality as color. Population as size.
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Eguiarte et al. 2015)
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Spatial distribution of changes in groundwater recharge
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