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Abstract

Regional estimates of aquifer recharge are needed in data-scarce regions such as
the Basin of Mexico, where nearly 20 million people are located and where the
Basin’s aquifer system represents the main water source. In order to develop the
spatio-temporal estimates of aquifer recharge and to analyze to what extent urban
growth has affected aquifer recharge, this work presents a daily soil water balance
which uses different vegetation and soil types as well as the effect of topography
on climatological variables and evapotranspiration. The soil water balance was
applied on a daily time step in the Basin of Mexico for the period 1975-1986,
obtaining an annually-lumped potential recharge flow of 10.9-23.8 m3/s (35.9—
78.1 mm) in the entire Basin, while the monthly values for the year with the
largest lumped recharge value (1981=78.1 mm) range from 1 m®/s ( 0.3 mm) in
December to 87.9 m®/s (23.7 mm) in June. As aquifer recharge in the Basin mainly
occurs by subsurface flow from its enclosing mountains, urban growth has had a
minimal impact on aquifer recharge, although it has diminished recharge in the

alluvial plain.
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1 Introduction

The Analysis of the spatial and temporal variability of potential aquifer
recharge is needed in order to improve the understanding of regional and
local groundwater flow systems as well as to prevent pollution of aquifers.
The variability of recharge events is important in both arid and semi-arid
areas where from a long-term analysis, evapotranspiration greatly exceeds
rainfall but where short, high intensity rainfall events largely exceed evap-
otranspiration, thus making more water available for recharge. Recharge
can be classified based on its spatial occurrence: diffuse recharge is de-
rived from precipitation or irrigation on large areas, while focused (local-
ized) recharge occurs at topographic depressions such as streams and lakes
(Scanlon et al), 2002). Aquifer recharge was classified by [Lerner et al! (1990)
as actual recharge, which is the water that reaches the water table and po-
tential recharge, which is the water that might be available for recharge but
which due to specific situations (e.g. high water table) is transformed into
run-off. Different methods can be used to analyze aquifer recharge such
as direct measurement, water balance methods, Darcian approaches, tracer
techniques and empirical methods developed for particular case studies

(Lerner et all, l1990).

Regional estimates of aquifer recharge need to consider both its spatial and
temporal variability as this will improve its estimation (Lerner et al), l1gad).
In addition, a regional hydrogeological conceptual model needs to be de-
veloped before attempting to estimate recharge, as it can occur as subsur-
face flow, from streams located above the water table (i.e. loosing streams),
or as in a common situation in alluvial basins defined as Mountain Block
Recharge (MBR), which is used to define the flow that enters an aquifer
through the mountains by which it is limited. Studies that have developed
estimates of MBR can be classified depending on whether they focus on the
mountain block or on the basin (Wilson and Guan, [2004). Basin-centered
methods include the calibration of groundwater flow models which limit
the modeling domain to porous media or to the application of Darcy’s
law along the mountain block, while mountain block approach methods
include isotope methods, empirical relations between MBR and precipita-
tion or by lumped water balances (Wilson and Guan, 2004). A large number
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of studies have attempted to estimate MBR, mainly in the Western United
States: Wasiolek (1995) developed both seasonal and annual estimates of
MBR through a simple water balance in five different watersheds to esti-
mate seasonal and annual MBR to the Tesuque aquifer system in Santa Fe,
New Mexico while Maurer et all (1996) determined subsurface flow to Ea-
gle Valley in Nevada using Darcy’s law and the chloride balance method,
Wilson and Guan (2004) describe seven studies that estimated MBR in New

Mexico, Utah, Colorado, Texas and Arizona.

A good overview of methods to estimate regional aquifer recharge is given
bylde Vries and Simmers (2002), while an inter-comparison study of recharge
estimates using different methods is given by [Flint et al! (2002) who com-
pared the outcome of water balance techniques, Darcy’s law in the unsat-
urated zone, chloride mass balance, atmospheric radionuclides and empir-
ical approaches in the Yucca mountain in Nevada. The recharge values ob-
tained with each method were different, and ranged from o to 300 mm/yr,
and according to these authors no single method adequately characterizes
recharge. The difficulty of estimating aquifer recharge has been mentioned
by several authors such as Sophocleous (1995) who states that it is one of
the most difficult and uncertain factors to measure and that there is no
established practical methodology to satisfactorily regionalize recharge es-
timates. The main factors that control recharge are climate, soils, vegeta-
tion/land use and topography (Fayer et al), l1996; [Keese et al), 2005). The
role that vegetation plays on aquifer recharge varies according to different
authors: Keese et al! (2005) mention that its presence diminishes recharge,
while others (Berndtsson and Iarson, 1987) mention that it increases infil-
tration. [Keese et all (2005) studied 13 regions in Texas with different cli-
mate, vegetation and soil types. They found that vegetation reduces aquifer
recharge as areas covered with trees have lower recharge values than those
areas covered by grass due to the tree’s deeper roots; for their study ar-
eas, mean annual precipitation explained 80% of the variation in recharge.
The fact that vegetation diminishes recharge is explained by [Finch (1998):
when root depth increases, aquifer recharge decreases as larger soil mois-
ture deficits develop and need to be replenished before the soil reaches field
capacity, which is when the soil will start to drain. However, the plants” wa-
ter demand should also be considered here as a pine does not require the

same amount of water as an arid shrub.
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Despite the existing difficulties and uncertainties, regional estimates of aquifer
recharge are needed even when data are scarce, as is the case for the Basin of
Mexico, home to nearly 20 million people and to whom the Basin’s aquifer
system is the main water supply source. Unfortunately existing data in the
region do not suffice to develop a detailed infiltration model and exist-
ing data are limited to the Basin’s southern area, where the Mexico City
Metropolitan Zone (McMmz) is located. In addition, estimates of the spatial
distribution of recharge in the study area are needed in order to analyze
the impact of urban growth both on its quantity and quality. Accordingly,
a methodology to estimate potential aquifer recharge in the Basin (which
mainly occurs as MBR) was developed, which can also be applied to other
areas. This methodology estimates potential aquifer recharge through a sim-
ple soil water balance which considers different vegetation types, soil units
and the effect of topography on climatological variables such as rainfall and
temperature, as described in the following sections.

2 Development of a simple daily soil water balance

The daily soil water balance developed for this study, considers the evolu-
tion of a depletion depth caused by a water deficit when plant water require-
ments are not met. This simple bucket model uses daily evapotranspiration
which is computed according to the FA0-56 methodology (Allen_et all, l1998)
and the Near Surface Soil Storage (Nsss) term introduced by Rushton et al’
(2006), which partitions water that enters the soil water balance into a com-
ponent that remains in the upper soil (Nsss) and another component that
diminishes soil depletion through the use of a fractional storage coefficient
(Fst). The daily soil water balance is expressed as:

D; = if (ETaet < SM;, Dj—1 — SM;(1 — Fyt), D;—1 + ETyet; — SM;) (1)

where D; represents depletion (e.g. water deficit with respect to the soil’s
field capacity), SM; soil moisture and ET,, actual evapotranspiration on
day 7 in [mm]. Before applying this equation, rainfall (R) is partitioned into
runoff and water that enters the soil water balance under the assumption
that all excess rainfall is transformed into runoff, where excess rainfall is the

rainfall that exceeds the infiltration rate. In this case the infiltration rate is
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considered equal to the saturated conductivity of the soil (Ks); Accordingly,
SM,; is determined as:

SM; = if(R; > K, Ks + NSSS;_1, R; + NSSS;_1) (2)

where SM,; is limited by the soil’s field capacity, and NSSS; is determined
by:

NSSS; = if(ETset, < SM;, (SM; — ETyet) X Ft, 0) (3)

From (@ @ and ) it can be seen that the first factor required is NSSS;, which
in this work was originally set to zero for the first day of the simulation,
as December and January are months in which rainfall is generally absent
in the study area, thus it is logical to assume this term to be equal to zero
by starting the soil water balance in January, while the soil’s depletion is
equal to its maximum value, which in this case was set to each soil’s Total

Evaporable Water (TEw) as suggested by |Allen et al! (1998).

The soil’s water deficit is a function of ET, @), which in turn is limited by
the available soil moisture; when ET,; is less than or equal to the available
soil moisture, D; is equal to the depletion of the previous day minus the
fraction of SM; available to diminish the soil’s water deficit (e.g. water that
is not retained near the soil surface). When ET,, is larger than SM;, then
it is limited by the available moisture and D;_; will increase by this deficit.
Soil moisture is determined using daily rainfall that enters the soil water
balance, and NSSS;_; as shown in ([ when ET,;, < SM; through the use
of the Fs; coefficient; when this condition is not met, then all water is taken
by ETg,;. Finally, actual evapotranspiration (ET,¢,) is determined by:

ETqu - KcETo (4)
where ET, represents potential evaporation and K. is a coefficient based on
each vegetation type, soil water stress and soil evaporation, computed by:

Ke = KstKep + Ko (5)

where K, is a factor that varies according to the vegetation type of inter-

est, its growing stage and relative humidity. This coefficient is multiplied



132

133

134

135

136

137

138

139

140

141

142

143

144

145

146

147

148

149

150

151

152

153

154

156

157

158

159

by a stress factor Ky in order to consider the effect of soil water stress and
an evaporation coefficient K, which considers the evaporation due to wet-
ting of the soil surface. The way in which these parameters are obtained is
explained in the following sections.

2.1 Reference evapotranspiration

In this work the FA0-56 Penman-Monteith equation is used to determine
reference evapotranspiration (ET,), considering the spatial distribution of
net radiation, topography and both minimum and maximum temperature.
This section is based on |Allen et all (20035), |Allen (200d) and |Allen et al.
(1998), where a detailed description of the procedure is given. The Penman-
Monteith equation is given by:

T _ 0.408A(R,, — G) + ’y%uz(es —ey)
o A+ (1 +0.34uy)

(6)

where ET, is given in [mm/day] and R, represents net radiation at the crop
surface [MJ/m?day], G soil heat flux density [MJ/m?day], T mean daily
air temperature at 2 m height [°C], u, wind speed at 2 m height [m/s], es
saturation vapour pressure [kPa], e, actual vapour pressure [kPa], A= slope
vapour pressure curve [kPa/°C] and <y the psychometric constant [kPa/°C].
Using elevation (z), these factors can be estimated as shown in Appendix[Al

Due to the lack of humidity data, this variable was determined by assuming
that dew point temperature is near the daily minimum temperature (T},;,),

as suggested in|Allen et al! (1998), thus e, can be obtained by using T,,;, (eq.

A3).

2.2 Vegetation parameters

Actual Evapotranspiration (ET,) is obtained by applying a crop coefficient
(K¢p) to the reference evapotranspiration (ET,) value. The K, factor is repre-
sented by a curve which is divided into an initial, development, middle, and
late growing seasons. To develop this curve, the initial (K, ), mid-season

(Kep,,;,) and final (K, ) values are needed, some of which are found in the
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FAO-56 publication. These values represent conditions for a sub-humid cli-
mate (RH=45%) and a wind velocity of 2 m/s; however, when this method-
ology is used for different humidity conditions, the crop coefficients need
to be adjusted when their values are above 0.45 as follows:

0.3
Ky = K. + (0.04 (1 — 2) — 0.004 (RH,yip — 45) ) (g) ()

where h is mean maximum plant height [m], RH,,;, mean value for mini-
mum daily relative humidity during the mid-season [%]. Relative humidity

is computed from daily temperature as:

€ eo(Tmin)
RH =100 = 8
eo(Tmean) eO(Tmean) ( )

2.3 Soil evaporation

The evaporation coefficient (K,) of (5) is computed with:

Ke - Kr(Kc max — ch) < fech max (9)

where K, represents the way in which evaporation decreases in proportion
to the amount of water remaining in the surface soil layer, K, is the crop co-
efficient obtained through (), few is the soil fraction that is exposed both to
solar radiation and rainfall, and K., is the maximum value of K. following

rain or irrigation obtained as:

K. = max ({1.2 +[0.04(1tr — 2) — .004(RHypiy — 45)] <g) } {ch + 0.05}) (10)

where h is mean maximum plant height [m], RH,,;, mean value for min-
imum daily relative humidity during the mid-season [%] and K, repre-
sents K, . for full cover vegetation under RH,;;, = 45% and up = 2 m/s
estimated as:

ch,h =1.0+0.1h (11)

where K . < 1.20 when h > 2 meters. The value obtained with this equa-

tion is adjusted to other climatological conditions by (). The soil fraction
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that can be wetted and which is also exposed to solar radiation (fey,) is
obtained by:

few = min (1 — fc, fuw) (12)

where f,, is the average fraction of soil surface wetted by irrigation or pre-
cipitation and which varies between 0.01 to 1, while f, is the average fraction
of soil surface covered by vegetation and determined by:

K. — K. 1405k
fc — (M) (13)

Kcmax = NNCnin

On which f. is a value between o and 0.99, and K., . is the minimum K.
for dry bare soil with no ground cover with an approximate value of 0.15.
The limitation of (@A) assumes that the fraction of soil that is wetted oc-
curs within the fraction of soil exposed to sunlight and ventilation. Finally,
Kr, the remainder term of (@), represents the way in which evaporation de-
creases in proportion to the amount of water remaining in the surface soil

layer, obtained as follows:

_ TEW —D,; 4

K= TEW —REW (14)

where REW represents the Readily Evaporable Water which ranges from
5 to 12 mm (Allen, 200d) and TEW is the Total Evaporable Water, defined
as the maximum depth of water that can be evaporated from the soil and
computed as:

TEW = 1000 (QFC - 059wp) Ze (15)

where 0rc and 0y p represent soil water content at field capacity and wilting
point respectively, expressed in [m®/m3], and Z, represents the depth of the
surface soil layer that is subject to evaporation and ranges from o.10 to 0.15
m.
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2.4 Water stress

In order to obtain a more realistic value of ET;, eq. [l includes a water stress
factor Ks; which is obtained as:

_ TAW-D,  TAW-D,
" TAW—RAW (1 — p)TAW

Kst (16)

where K;; is a transpiration reduction factor dependent on available soil
water, D represents depletion, computed from (@), RAW is readily available
water, and represents the fraction (p) of total available water (TAW) in the

root zone that a plant can extract without suffering water stress.

TAW = 1000(0rc — Owp)Z; (17)

where Z, is rooting depth, which varies according to each vegetation type.

3 The Basin of Mexico

The Basin of Mexico, located in the central part of Mexico has a mean eleva-
tion of 2240 meters above sea level (masl) and is home to Mexico City and
its Metropolitan Zone (McMmz) with nearly 20 million inhabitants (Fig. m).
The mcMmz is located in the southern and lowest region of the Basin and is
bounded to the south by the Sierra Chichinautzin and to the west by the Sierra
de las Cruces, which both limit urban growth in these directions (Fig. m). Ac-
cording to [Durazo and Farvolden (1983), annual precipitation in the lower
part of the Basin is approximately 700 mm, while evaporation can reach
1600-1700 mm. However, it is important to mention that these two variables
exhibit a large spatio-temporal variability in the study area as the surround-
ing mountains located south of the Basin receive large amounts of rain with
low temperatures due to the abrupt change in elevation. The Basin’s aquifer
system is comprised of a Quaternary alluvial unit (Qal) which reaches a
maximum thickness of 8oo m in the southern part of the Basin and from
which groundwater is extracted at a depth of 300 m (Herrera et all, 198d).
This unit is bounded to the south by the Sierra Chichinautzin, and is com-
prised of highly fractured Quaternary basalts (Qb) that also outcrop in other

regions of the Basin located northwards such as Chiconautla, Tizayuca,
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Apan and Tecocomulco. The vertical hydraulic conductivity value (K,) for
this unit is estimated to be around 2.4 x 10~* m/s (DGcoH, l1994). In the
southern part of the Basin, the Qal unit is limited to the East by the Sierra
Nevada with an elevation above 5000 masl and to the West by the Sierra de
las Cruces; the foothills of these Sierras correspond to the Tarango forma-
tion (T), comprised of tuff, pummice and lahar (Mooser and Molina, 1993)
with K, values from 4.0 x 1077 m/s to 6.9 X 10> m/s (DGCOH, 1994). In
the central part of the Basin, the Qal unit is found below a lacustrine unit
(Qla) which reaches a maximum depth of 300 m in the Chalco sub-basin
(Vazguez-Sanchez and Jaimes-Palomera, 198d) with a K, value of 5 x 107

m/s , acting as a confining unit in the central part of the aquifer.

The large extraction rates from the Basin’s aquifer system have caused a
continuous drawdown of the groundwater level, which on average is 1
m/yr and reaches a maximum value of nearly 2.5 m/yr north of Mexico
City (Carrera-Hernandez and Gaskin, oo7d); in turn, these large drawdown
rates have triggered land subsidence, which in some areas reaches a rate of
0.4 m/yr (Strozzi et all, 2003). Despite the fact that the aquifer system repre-
sents the main source of water supply in the Basin, no regional studies have

been undertaken. To date, studies have focused mainly on the area where

the Mcmz is located, a focus that needs to change (Carrera-Herndndez and Gaskin,

2007a). As part of this lack of regional studies, estimates of regional recharge
to the aquifer are also missing. In order to improve the understanding of
and to develop management policies for the Basin’s aquifer system, the way
in which aquifer recharge occurs needs to be understood. To achieve this,
the present work uses spatial information on soils, land cover and clima-
tological variables to determine potential aquifer recharge, as defined by

Lerner et all (1990)

4 Previous work in the Basin of Mexico

The Basin of Mexico is surrounded by mountainous terrain (Fig. m), accord-
ingly, the estimation of ET, has to consider the effect that slope, aspect and
shadows have on global radiation. Accordingly, this work aims to analyze
the hydrological processes that occur both on the mountains that surround

the Basin and in the Valley they enclose, as aquifer recharge occurs mainly

10
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developed from srT™M data

11



271

272

273

274

275

276

277

278

279

281

282

283

284

285

286

287

288

290

291

292

293

294

295

296

297

298

300

301

302

303

304

305

306

in the form of MBR. Some authors have previously attempted to determine
recharge in some areas of the Basin such as [Huizar-Alvarez et al. (2003)
who developed a groundwater flow model for the Pachuca-Zumpango area,
in the northern part of the Basin using a constant and uniform recharge
value of 2.92 m3/s; however no details as to why this rate was chosen are
given. Birkle et al! (1998) developed a “long-term” water balance for the
Basin by using rainfall data from 1980-1985 and computing actual evap-

otranspiration based on the empirical relation ET,.,,; = P — AP? where
A= m. The DGcoH (1994) used a recharge value of 15.6 m3/s as input

to its groundwater flow model for the region where the mcMmz is located,
while Ortega and Farvolden (198d) estimated aquifer recharge as a percent-
age of precipitation in the three different Sierras that surround the Basin to
the south: The Sierra Chichinautzin (42%), Las Cruces (30%—40%) and Nevada
(40%-50%), using data from 1967 for the Sierra Chichinautzin, and both
1976 (ET) and 1983 (runoff) for the other two Sierras.

The attempts undertaken so far in the study area do not consider the effect
that different vegetation types have on the hydrological processes and they
have used limited climatological data. In order to overcome this problem,
this work presents a methodology to estimate potential evapotranspiration
at the basin scale using data which are generally available for large scale
areas, such as hard copy maps, DEM, satellite imagery and climatological
data, as illustrated in Fig.

In order to develop the daily soil water balance, the Basin of Mexico Hydro-
geological Database (BMHDB) (Carrera-Herndndez and Gaskin, 2007h) which
contains climatological, spatial and hydrometric data was used. As illus-
trated in Fig. B, the daily soil water balance requires the spatial distribution
of climatological variables, which are used to obtain reference evapotran-
spiration (ET,). Actual evapotranspiration (ET,) is determined using the
FAO-56 methodology (Allen et all, l19a8) through the use of (ET,) and dif-
ferent coefficients such as a vegetation-dependent coefficient (K.), a water
stress coefficient (Ks;) and a soil evaporation (K,) coefficient. This method-
ology was selected in order to account for different vegetation types in the
Basin, instead of only relying on temperature and rainfall data. To deter-
mine ET, an albedo map is needed in addition to other topography-related
data such as an aspect (e.g. degrees from north of each slope) and slope

map as indicated in Fig. @ A land cover map is needed in order to obtain

12
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Fig. 2. Proposed approach to determine the spatio-temporal distribution of poten-
tial aquifer recharge in the Basin of Mexico and its use as boundary condition in a
regional groundwater flow model

ETgt, as a different K, value is used for each vegetation type which also
varies throughout the year to account for the vegetation’s growing stage.
To obtain this information, different types of data can be used such as land
cover maps developed either from satellite imagery for recent years or hard
copy maps when satellite data are not available as was done in this study.
The daily soil water balance was calibrated and validated using three wa-
tersheds located in the Basin’s southern region (Fig. m(b)) by comparing the
observed and the computed daily flow volume. The basin of the Hondo river
is located in the Sierra de las Cruces and has an area of 103 km?, the Mag-
dalena river basin is located in the Sierra Chichinautzin with an area of 31
km? and finally, the La Compaiiia river basin is located in the southernmost
area of the Basin, in the Sierra Nevada, with an area close to 300 km?. What
follows is a description of the model and its implementation; however, a

more detailed description is given in Carrera-Herndndez (2007).
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5 Model application

Before the model could be applied in the Basin of Mexico, the spatial distri-
bution of the different variables had to be obtained, a task achieved by pro-
cessing point and spatial data with Grass (GrAss development team, 2007)
and the R statistical software (R Development Core Team, 2005). As a first
step, a digital elevation model (DEM) at 30 meters resolution was obtained by
resampling a 9o m resolution DEM obtained from the Shuttle Radar Topogra-
phy Mission (srRTM) using the regularized spline with tension and smooth-
ing algorithm of Mitasova and Mitad (1993). This resolution was required as
surface albedo maps developed from satellite images need to be corrected
for both topographic and atmospheric effects (Sjoberg and Horn, l1983). The
srRTM data was also resampled to a 200 m resolution bEM following the same
procedure, in order to develop the spatial distribution of climatological vari-
ables; this resolution was chosen in order to: (a) account for the effects of
topography on both temperature and rainfall as a 200 m grid is consid-
ered to be appropriate in order to represent the variation of topographically
dependent variables (Hutchinson and Galland, 199d), and (b) these climato-
logical variables were developed with the idea of being used in the present
study which in turn will be used as a boundary condition in a regional
groundwater flow model. Therefore this resolution was used to develop the
required data and to run the daily soil water balance. In order to develop
the spatial distribution of climatological variables, topography was used
as an auxiliary variable through the application of Kriging with External
Drift (KED) in the case of both minimum and maximum temperature, while
for rainfall, this was achieved by applying Kriging with External Drift in a
local neighborhood (xED;), as explained in Carrera-Hernandez and Gaskin

(20070).

As previously mentioned, the proposed methodology uses satellite imagery
to develop both albedo maps and land-cover classification maps; however,
the satellite images had to be corrected for both atmospheric and topo-
graphic effects. Atmospheric correction was acomplished by applying the
Dark Object Substraction (pos) technique (Chavez, 1988) and by consider-
ing different optical depth values for each band (Chavez, l1996). The effect of
topography affects radiance due to shadows, thus the Landsat images were

corrected for terrain effects using the C-correction method (Teillet et all,
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1982) as it has been found that it leads to classification improvements in
forest and forest-stand/forest-type land covers (Itten and Myer, l1993). It
should be mentioned that satellite imagery could have been used to estimate
fc though the use of the Normalized Difference Vegetation Index (NDvI) as
shown in ICarlson and Ripley (1997) or the Enhanced Vegetation Index (Evr)
as used by Mu et al! (2007); however, this option was not explored in this
work but could be used to analyze the evolution of f. with remote sensing
data from the Moderate Resolution Imaging Spectroradiometer (MODIS).

5.1 Spatial distribution of solar radiation

In order to account for the influence of topography (e.g. slope, orientation
and elevation) in ET,, the r.sun module developed by [Stiri and Hofierka
(2004) was used to determine R;. This module gives its output as three dif-
ferent raster maps: 1) direct radiation (e.g. cloudless direct beam radiation),
2) diffuse radiation and 3) reflected radiation. This module computes the
daily sum of solar irradiation [Wh m 2] from sunrise to sunset and requires
topography in the form of a DEM, and both an aspect and a slope map (both
of which are derived from the pEM), the spatial distribution of the Linke
atmospheric turbidity index, ground albedo and clear sky index (i.e. cloud

cover).

Broad band surface albedo was computed from Landsat ETM+/TM imagery
according to the relationship developed by [Liang (2001) after applying both

atmospheric and terrain corrections:

Ugore = 0.356a7 + 0.1303 + 037304 + 0.085a5 + 0.072a7 — 0.0018  (18)

where a; represents at ground-reflectance. The albedo maps developed with
this methodology are shown in Fig. ] for both 1985 and 2000. As expected,
albedo exhibits low values in the mountainous areas that surround the Basin
(as they are forested areas) and near null values in water bodies. The 2000
albedo map was developed only for comparison, as at this moment clima-
tological data were only gathered for up to 1990, but future work will focus
on updating the BMHDB with recent data. The white regions shown in Fig.

Bla) represent cloud cover, located on areas outside of the study area.
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Table 1

Monthly averaged Linke turbidity factor for different locations in the Basin of Mex-

ico
Location Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
D.E. 34 36 36 38 40 37 31 33 32 30 32 27
Pachuca 32 34 33 33 38 33 28 30 28 28 29 26
Naucalpan 34 36 36 39 41 37 30 33 32 30 32 28
Amecameca 3.4 37 36 38 40 36 30 32 31 30 32 26
Apan 33 35 35 36 39 35 29 31 30 29 31 26

In order to account for time variability of the Linke atmospheric turbidity

value, the monthly values shown in Table m were used for all years of the

simulation. These values were obtained from http://www.soda-is.com.

5.2 Landcover classification and vegetation parameters

The main goal of this work was to analyze the impact that land cover change

through urban growth has had on aquifer recharge. Accordingly, a set of

land cover maps covering the study area are required. The analysis was
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restricted to the period from 1975-1986 in order to make use of the available
data: a hard copy land cover map for 1978 and a Landsat image for 1985; in
addition, although climatological data were available for up to 1990, 1986
was chosen as for this year climatological data are still available for a large

number of climatological stations.

The required land cover maps were developed from available hard copy
maps for 1978 and from LANDSAT imagery for 1985 acquired in January.
The Basin of Mexico is covered by two sets of Landsat images, thus for
a given acquisition date the images of row 26 and paths 46 and 47 are
required. Land cover in the southern part of the Basin was classified by
using the 26/47 images while its northern part was classified by using the
26/46 images as reflectance values for overlapping pixels were different
even after applying the required corrections. Accordingly, training areas
were developed separately based on the 1978 land cover map, where no
land cover change was expected to have occurred.

The satellite images were classified into different land cover types using
the Sequential Maximum a posteriori algorithm (Bouman and Shapirq, 1994)

which uses a Multiscale Random Field for Bayesian image segmentation.

This algorithm was chosen because McCauley and Engel (1995) and Bouman and Shapiro

(1994) found that its classification accuracy was better than the one obtained
with the Maximum Likelihood (ML) algorithm; in addition, this classifica-
tion method is part of Grass image processing modules. A visual compar-
ison between the 1978 and 1985 land cover maps (Fig. g) was used as a
proxy for classification plausibility, as no ground truth data were available
to this end. Both maps show good agreement between the forested, grass-
land and shrub-covered areas along with the location of water bodies. In
the northeastern region of the Basin, the Tecocomulco lake is shown in both
maps (although its areal extent is larger in 1985) and the appearance of a
rectangular-shaped water body west of the Federal District is noticeable in
1985, as this water body, the Nabor Carrillo lake was created in the early
8os. Due to the resolution of the satellite images, the “irrigated grass” land
cover type was added in 1985 for which grass areas located in soccer stadi-

ums were used as training areas.

Urban growth in the Basin between 1978 and 1985 can be easily seen by
comparing Fig. g(a) and Fig. g(b). From these figures, it can be inferred that

17



429

430

431

432

433

434

435

436

437

440

441

442

443

444

445

446

447

448

449

2220

2200

b} 2180

2160

NORTHING

2140

2120

a) b)
|:| Hallophyte - Rainfed Agriculture - Shrub
l:l Grassland - High altitude shrub - Humidity Agriculture - Soil
B Forest H vaer [ ] Inigation Agriculture [T Irrigated grass

Fig. 4. Landcover maps for the Basin of Mexico for two different years: (a) 1974
derived from hard copy maps and (b) 1985 derived from LANDSAT images.

urban growth is limited to the south by the Siera Chichinautzin (Fig. m(a)),
which explains why urban growth has mainly occurred north of the Federal
District in Tlalnepantla, on the left side of Sierra Guadalupe. As seen in Fig.
A, urban growth has occurred at the expense of grassland areas northwards
of the Federal District, while eastwards urban areas have been developed
in rain-fed agricultural areas. After land cover classification was achieved, a
vegetation coefficient was assigned to each cover type, for which the values
included in lA].Len_eLa.lJ ._‘ngd) were used with a 15% reduction in order to
account for non-pristine conditions, as recommended by .@). The

details of this implementation (e.g. values and season lengths) are given in

klamaﬂemén.d.ezl. ).

The mountains that enclose the Basin are covered by forests of different

types: in the Sierra Chichinautzin they are comprised of Pinus hartwegii found
on Lithosol and Abies religiosa which is locally known as Oyamel and found
on thick soils on steep slopes ( i , |1_994|). In the Sierra
Nevada, oak forest, mixed forest, fir forest, pine forest and alpine grassland

Z Z 2

are found between 2800 and 4100 masl ( - = ,

). Grasslands in the study area are mainly comprised of Bouteloua gra-
cilis, while hallophyte vegetation, which is restricted to the lowest region
of the Basin (Fig. g), where the Texcoco lake used to be, is comprised of
Distichlis spicata; in contrast, alpine grasslands (locally known as Zacatonal)
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are found in the high mountains that surround the Basin, being found as
high as 4300 masl (Rzedowski, 1975) and represented by Festuca and Calam-
agrostis, reaching up to 1 m in height (Rzedowski, 1975). Although initially
different K, values were intended to be used for each grassland type, these
three types were grouped and a single K, value was used. The last natural
vegetation type in the Basin corresponds to shrubs, which are represented
by Opuntia streptacantha or Nopal cardén and are limited to the northern re-
gion of the Basin (Fig. @); a K., value of 0.15 was used as this is a vegetation
found in arid regions and is expected to have low water demands. Regard-
ing the agricultural areas, one maize cycle was assumed for rain-fed areas,
while two cycles were assumed to take place in areas under irrigation, the
tirst one being for maize and the second one for alfalfa. Finally, humidity
agriculture was assumed to take place throughout the year as water canals
and chinampas are located in the the region of Xochimilco which is a remain-
ing part of the Basin’s lake, which is why the K, values for a wetland were
used (Table 12, |Allen et all (1998)).

5.3 Soil properties

The spatial distribution of the soil’s hydraulic properties was obtained by
digitizing two paper maps at a 1:250,000 scale, acquired from the Mexican
Institute of Geography, Statistics and Informatics (INEGI). As expected in
a volcanic region, Andosols are found in the southwestern region of the
Basin (Fig[5(a)). It is interesting to note that these soils, which exhibit excel-
lent internal drainage due to their high porosity and a high moisture con-
tent (EAQ, 2001) are located in those regions with the largest precipitation
rates in the Basin and that they are located above fractured basalt (i.e. Sierra
Chichinautzin), thus hinting that large recharge rates are to be expected in
this region.

Along the Sierra Nevada, which is also another region with large precipita-
tion rates, Regosols and Cambisols are found. Regosols, which are located
in the Iztaccihuatl volcano and the Sierra Santa Catarina are soils found in
eroding lands and composed of unconsolidated materials thus having low
water holding capacity and large permeability to water, while Cambisols,
which are young soils with high porosity and good water holding capacity

(Ad, 2001) are found in a small region in the Sierra de las Cruces, in some

19



484

485

486

487

489

490

491

492

493

494

495

496

497

EASTING
(a) 450 490 530 570 450 490 530 570 (b)

2220

2200

o
=
- 2180
T
-
o« 2160
(@]
4
2140
2120
©F 3 9 14 20
2220 (]
topographic index
100
2200 90
0 80 Soil units
7
2180 55 60 Cambisol E Planosol
50 Gleysol n Histosol
45
2160 40 /| Phaeozem Regosol
- [ [”]
2 30 - Lithosol . Andosol
2140 .
1s 2 Fluvisol Vertisol
10 .
L | Luvisol Z | Solonchak
2120 5

- Ks
450 490 530 570 (mm/day)

Fig. 5. Topography dependent saturated conductivity of soils in the Basin of Mex-
ico: (a) Soil units, (b) Topographic index and (c) Saturated conductivity which also
shows the location of urban areas, as K; = 0 was assigned to them.

hilly areas in Hidalgo and north of Sierra Nevada. The region of Xochim-
ilco, (where the only wetland in the Basin is located) is covered by Histosol,
which is formed in poorly drained basins or depressions whose highland

areas have a high precipitation/evapotransipration ratio and which are as-

sociated with Vertisols in lacustrine environments. As shown in Fig. Eai,

)

are found in the Basin’s valley and are associated with Zolonchaks in dry

Vertisols, which have more than 30% clay below the first 20 cm (Fa

climates and to Phaeozems in humid climates. Both of these soils are found
in the Basin: Zolonchak, which is a salty soil is found in what used to be
the Texcoco lake while Phaeozems, which are soils rich in Organic Matter

are the main soil unit in the Basin (Fig. 5(a)).

Before the soil water budget is computed, rainfall needs to be partitioned
into runoff and water that enters the soil as shown in (@). The first step

to achieve this partition was to assign a K; value to each soil unit based
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on published data and compare the daily runoff volume obtained by these
values with the daily volume measured in three rivers: Hondo, Magdalena
and Compaiiia (Fig. m). These basins were selected because they have larger
records and the recorded volumes showed no problems when they were
screened. In addition, each basin comprises different soil units in differ-
ent percentages: The Magdalena is mainly covered by Andosol (92%) and
Phaeozem (6%), the Hondo basin by Andosol (52%), Phaeozem (25%), Cam-
bisol (13%) and Luvisol (8%) while the Compaiiia basin by Regosol (45%),
Phaeozem (17%), Cambisol (16%), Fluvisol (14) and Lithosol (4%). The use
of a uniform K value poorly represented the amount of rainfall that was
partitioned into runoff; in addition the K values for each soil unit had a lot
of variability.

Due to the variability of Ks, an auxiliary variable based on topography
was used, as erosion at the hilltop moves fine sediments to the hill-foot,
as shown for a German catchment by Merz and Plate (1997). In addition,
Rawls and Pachepsky (2002) mention that soils at positions with a high
slope have smaller water retention within a given textural group, as soils on
steep slopes have coarser textures. Accordingly, the Kirkby index (Kirkby,
1975) (also known as topographic index) is used as an auxiliary variable, as
this index represents the propensity of a given point to develop saturated
conditions (Beven et all, l19q0):

A =1In <%) (19)

where a is the area of the hill-slope per unit contour length that drains to
a given point (i) and tan(p) represents the local surface slope at that point,
giving a spatial distribution in the Basin as shown in Fig. [5(b). This index
was used as an auxiliary variable to assign different K values within a
given soil unit through the use of a linear relationship: K, . value within
a soil unit was used for those areas with a large topography index, while
Ks,,.. was assigned to those areas with a small topography index, producing
the spatial distribution of K as shown in Fig. E(c) where the largest K, val-
ues are found for Regosols, followed by Lithosols. The K; pattern assigned
through the use of A is clearly seen, as low A values correspond to large K;
values within a given soil unit. In addition, Fig. [5|(c) also shows urban areas

in gray color, which were assigned a Ks = 0.
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The K values for each soil unit were calibrated by using three different wa-
tersheds in the southern part of the Basin. This calibration was undertaken
for 1983 and then validated for years 1980, 1981 and 1982 (Fig. ), by using a
lumped daily value for simulated runoff, thus assuming that no lateral flow

occurs as this process is not simulated.
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Fig. 6. Validation of runoff estimates for the Hondo, Magdalena and Compaiiia
river basins in: (a) 1980, (b) 1981, (c) 1982 and (d) 1983

When comparing the observed and the simulated values it should be kept
in mind that the goal was not to simulate runoff, but rather to get an es-
timate of its volume variation through a simple approach: no interception
is considered to occur in addition to neglecting lateral flow. Although the
validation years were selected as they had more continuity on their records,

some errors are evident as for the Magdalena basin in 1981 (Fig. [6(c)) mea-
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sured run-off is larger than the estimated rainfall. The simulated flow vol-
umes react with a peak whenever a large precipitation event occurs, which
is not the case for the observed volumes; this is notorious in January of 1980
(Fig. B(a)) for the three watersheds as a large precipitation event occurred
over three days which in turn caused a large simulated volume but a small
peak in the observed volumes. Overall, estimated runoff volumes are ac-
ceptable, as observed hydrograph peaks are generally reproduced though,
in general, the simulated values are larger than those observed. The idea be-
hind this methodology was to develop a boundary condition for a regional
groundwater flow model using the Unsaturated-Zone Flow (uzr1) package
(Niswonger et all, 2006) of MODFLOW-2005 (Harbaugh, koog). Accordingly,
although the present validation was limited to comparing observed and
simulated runoff, it is considered to be satisfactory, as an uncertainty analy-
sis and further validation will be made as part of the regional groundwater

flow model.

The final soil parameters required are the soil’s field capacity (0pc) and
wilting point (6yp) which are required to determine Total Evaporable Water,
Total Available Water and Readily Available Water. Unfortunately as in the
case of K5, no data were available in the study area, as the only study in
the region that treats these variables is the one of Bell (1993) who analyzed
sixty nine samples in Chalco and found that the levels of Soil Organic Matter
(som) were primarily related to altitude. Sixty two of these samples were
taken near the Chalco area, while the remainder were collected outside of
the Basin of Mexico on soil that has been cultivated for more than 50 years.
However, even though no more research on these variables has been done in
the Basin, Batjed (1996) developed values of Available Water Capacity (Awc)
for different Fa0 soil units as shown in Table &

text The values shown in Table & were used in order to determine Readily
Evaporable Water (Rew) and Total Evaporable Water (TEw) from the rela-
tionship of these variables and Awc as shown in Table 19 of |Allen et al:
(1998). The factors used to obtain TEw and REw from AwcC were 1.5 and 0.5

respectively.
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tabular
Table 2
Available Water Capacity per Fa0 soil unit by textural class (mm) to a depth of one
meter, after Batjes (1996)

Soil Unit Coarse Medium Fine All

B Cambisol 115 130 130 130
G Gleysol 117 119 129 122
H Phaeozem 109 123 120 122
I  Lithosol - 13 13 13
] Fluvisol 82 120 114 116
L Luvisol 57 90 87 89
N Nitosol - 85 74 75
O Histosol - - — 480
R Regosol 8o 120 107 100
T Andosol 188 193 141 187
V  Vertisol - 130 130 130
Z  Solonchak 51 133 190 135

6 Spatio-temporal distribution of potential aquifer recharge: results and

discussion

The daily soil water balance was applied to the entire Basin, after obtaining
an acceptable partition of rainfall into runoff and water that enters the soil.
This daily soil water balance was run from 1975 to 1986 with the goal of
estimating the impact that urban growth has had on aquifer recharge. In
order to exemplify the spatio temporal distribution of rainfall, ET,; and
recharge, Fig. 7] shows the spatial distribution of their accumulated values
for June of 1980, 1981, 1982 and 1983 in order to use the same years used in
Fig. @
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The largest precipitation rates for these four years are observed in the moun-
tains that enclose the basin, in particular in the southwestern region (Fig.
[7(a)), with rainfall depths above 300 mm for three of these four years, while
June 1981 was the month with the largest rainfall events. The effect of these
events on ET, (which includes soil evaporation as shown by @) and () is
evident by comparing their spatial distribution (Fig. j(a) and (b)) in addi-
tion, it is interesting to note that forests are located in those regions showing
large rainfall events, which is expected as their ET is close to ET,. By look-
ing at the ET,; patterns in the Sierra de las Cruces (Fig. [7(b)), it appears that
low K values in low regions (Fig. B(b)) limit the amount of ET,; (Fig. A(b)).
The effect of urban areas is also shown in both ET, and potential recharge
as it was assumed that in these areas all rainfall is converted into runoff.
The distribution of soils is also noticed in the spatial distribution of these
two variables in the Sierra Nevada for 1982 as potential recharge values are

clearly influenced by the large permeability values of Regosol.

Potential aquifer recharge is larger in the Sierra Chichinautzin the Sierra
Nevada and the Sierra de Guadalupe for these four years (Fig[z(c)). In the
Sierra Chichinautzin there is a clear pattern in the Tldloc and Ajusco peaks,
where even though ET,; is large as they are covered by forests, Lithosols
with a large K and low Available Water Capacity (awc, Table @) are found.
These large recharge rates can be assumed to go into recharging the aquifer,
as they occur on top of the fractured quaternary basalt (areas without shad-
ows in Fig. ) with large K,. As previously mentioned, the large ET,.; ob-
served in the mountains is explained by the fact that K, = 0.8 for forests,
which was assumed to be constant through the entire year and the fact that
the largest precipitation rates occur in this region (i.e. even if K, is large,
without water there would not be ETj;). In order to analyze how the differ-
ent vegetation coefficients vary with time and within each vegetation type,
four vegetation types located in different soil types were chosen for 1981:
grassland on Andosol, forest in Regosol, shrub in Phaeozem and rain-fed
agriculture in Phaeozem (Fig. B). As can be observed in this figure, both
the grassland and forest sampling points are located in regions with large
precipitation (Sierra de las Cruces and Sierra Nevada, respectively), while
the shrub and rain-fed agriculture sampling points are located in Hidalgo,
which is the region that receives less precipitation (Fig. ).

The interaction of the different vegetation coefficients: K, Soil evaporation
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Fig. 8. Evolution of crop coefficients, evapotranspiration (both potential and actual),
soil moisture, near surface soil storage (Nsss), rainfall, runoff, soil depletion and
recharge in four different vegetation types: (a) grassland in andosol, (b) forest in
regosol, (c) crasicaule bush in phaeozem and (d) rain-fed agriculture in phaeozem
for 1981

(Ke) and actual evapotranspiration (K,) is shown in the upper plots of Fig.
Bla-d), where it can clearly be seen that K. represents both K. and K,;
these plots also show how K, varies throughout the year according to each

vegetation type: grassland was considered to be in a dormant state for the
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tirst three months of the year, as its K, value increases in time, it is corrected
when RrH45% through (7). It can also be noted that soil evaporation only
occurs when there is soil moisture and that sometimes water that enters the
soil is entirely used by the plants, as occurs for forested areas in March (Fig.
Bl(b)). For both grassland and forest areas (Fig.B(a),(b)) on some days ET,; is
equal to or larger than ET,, caused by considering evaporation from the soil.
As can be seen, the soil’s depletion is bounded; this maximum value was
set equal to the Total Evaporable Water (TEw) as suggested in |Allen et al.
(1998). This figure also shows how potential recharge only occurs when
the soil’s depletion is equal to zero, which occurs when the available soil
moisture satisfies the ET needs and that this situation is required in order
for Near Soil Surface Storage (Nsss) to occur as well. Soil evaporation is an
important component for both shrub areas and rain-fed agriculture; even
though shrub areas have a low K, (Fig. Bl(c)) the soil component makes K.
reach a value of 0.8 in several days, which in turn makes less water available
for deep percolation; the same pattern is observed in the rain-fed plot (Fig.
Bl(d)): for the six months where no vegetation is present, K. reaches values

of 1.2.

Finally, Fig. 8l clearly shows the effect that both vegetation and soils have on
potential aquifer recharge. This can be easily explained as the soil’s physi-
cal properties have an effect both on rainfall partitioning and on Available
Water Capacity (awc). Soils with low Ks and large awc values (such as the
lower areas in the Sierra de las Cruces, Fig. [5) will most certainly experience
low recharge rates as the amount of water that can replenish the soil’s water
deficit is limited. Evidently the main driver of aquifer recharge is rainfall,
but the soil/plant interaction plays an important role on the amount of wa-
ter available for recharge. A rainfall event of 25 mm in forest areas (April
, Fig. B(b)) produced a 10 mm recharge value, while a 30 mm precipitation
event caused no recharge in the sample point located in rain-fed agriculture
(August, Fig. B(d)), as almost all water was used by the plants and the re-
maining water was used to diminish the soil’s water deficit. As June 1981
was the month with the largest rainfall, evapotranspiration and potential
recharge, the monthly variability of this year is analyzed in the following

section.
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6.1 Annual and monthly variability

The spatial distribution of rainfall, ET,; and potential recharge of Fig.
show that for that particular month, 1981 was the year with the largest rate
for the three variables. Accordingly, this year is used in this section to ana-
lyze how recharge varies through the year considering a monthly aggrega-
tion period (though the soil water balance was run at a daily time-step). The
monthly recharge values for 1981 (Fig. g) show that for this year, June was
the month with the largest rate of potential aquifer recharge. The recharge
pattern observed for the 12 months is similar, as the largest rates are found
south of the Basin, in the Chichinautzin and Nevada Sierras; however the
recharge pattern in the Sierra de las Cruces changes, as even though the soil
units and vegetation cover are the same, larger recharge rates are observed
in this Sierra’s northern region. For this year, the three months with the
largest rates of potential aquifer recharge are June, July and August with
an equivalent flow of 87.9, 41.1 and 36.6 m3/s (or 23.7, 11.1 and 9.9 mm)
respectively (Fig. g), while December and November have the lowest rates
(1 and 4.5 m3/s). The spatial pattern observed in Fig. [7 and Fig. g is also
observed for all years from 1975 to 1986 (Fig. @0) as again, large recharge
rates are observed in the same regions previously discussed.

On an annual basis (1975-1986), the year with the largest potential recharge
rates is 1981, with an annual lumped flow rate value of 23.8 m3/s (78.1 mm),
while the lowest lumped flow rate of 10.9 m>/s (35.9 mm) was obtained for
1977. As for the monthly recharge rates (Fig. ), the same spatial pattern
is observed as for the annually-aggregated recharge values (Fig. @) with
the exception of some spots located in the Basin’s northern region for years
1975, 1980, 1981 and 1986. The large rates in those areas are explained by
the fact that they are covered by shrub (Fig. @), having a low ET, rate
(Kep = 0.15), which helps to improve recharge as a vegetation cover factor
(fe, eq. [@3)) of 0.5 was also assumed, which in turn decreases the amount
of water that evaporates from the soil. When this decrease is considered
together with the plant’s water requirements, which are low, more water is

available for recharge.

The lumped annual recharge values obtained with this methodology for

1975-1986 (10.9-23.8 m>/s), when compared to previous estimates in the
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study area yield similar results: Birkle et all (1998) estimated a recharge flow
range of 13-18.8 m3/s for the region where the mcMz is located, while the
DGCOH (1904) estimated a recharge value of 15.6 m3/s in the same area; how-
ever, [Durazo and Farvolden (1983) estimated a recharge flow of 55 m3/s,
which seems to be too high when comparing it to the previously mentioned

studies.
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6.2 Impact of urban growth on aquifer recharge

In order to analyze the impact of land cover change on potential aquifer
recharge, 1981 was chosen, as this year has the largest recharge rates for
the analyzed years (Fig. @m). The analysis, which consisted of running the
daily soil water balance using the climatological variables of 1981 and the
urban distribution for 1985 was limited to the Basin’s western region, as
this is where the mcMz is located; in addition, the analysis excluded the
area covered by the aquitard (shown as a dashed line in Figs. [z, g and @a) as
this geological unit can be considered to be impermeable. This part of the
alluvial plain, received an equivalent recharge flow of 1.9 m3/s (the entire
Basin received a rate of 23.77 m>/s as shown in Fig. o) while when the
1985 urban area was used, this flow diminished to 1.6 m?/s, which implies
a reduction of nearly 20% caused by urban growth in this region. However,
when the entire Basin is considered, recharge is only diminished by 1.5%.
As can be seen in Figs. [, g and @ the maximum recharge rates occur in
areas which due to their topography have been “preserved” from urban
growth (Fig. m).

7 Conclusions

This work has shown the development of a daily soil water balance which
can be applied using data generally available in large scale studies. Through
the application of this model, it has been shown that the mountains that en-
close the Basin of Mexico are the main recharge areas of the Basin’s regional
aquifer system. The spatial distribution of potential aquifer recharge in the
Basin is not uniform, as the largest rates are found south of the Basin, where
rainfall is influenced by topography and where soils have large permeability

values.

From the analyses developed in this work it can be concluded that although
the main driver of aquifer recharge is rainfall, by itself it can not be used to
estimate the spatial distribution of potential aquifer recharge as vegetation
and soils also play an important role. The soil’s physical properties affect
the way in which rainfall is partitioned into runoff and water that enters the

soil water balance, as well as the soil’s Available Water Capacity (Awc): soils
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with low conductivity values and large awc will experience low recharge
rates as the amount of water that can replenish the soil’s water deficit is
limited. Vegetation also needs to be considered as for a given soil and rain-
fall depth a plant with low water requirements will take less water from
the soil thus leaving more water available for recharge once the soil reaches
tield capacity.

The spatially distributed values of potential aquifer recharge, on an annual
basis for the 1975-1986 period, range from 10.9 m3/s for 1977 to 23.8 m3/s
for 1981 while the monthly values for 1981 range from 1 m?/s in December
to 87.9 m3/s in June. As aquifer recharge in the Basin occurs in the form
of MBR, urban growth has not had a serious impact on aquifer recharge:
when considering potential recharge in the alluvial plain, where the MmcMmz
is located, the equivalent recharge flow in 1981 was 1.9 m>/s, which was
diminished by nearly 20% (to 1.56 m3/s) when the 1985 urban area was used
for the same year. The explanation for this small change is that the mcmz
extends over an area which is mainly covered by lacustrine deposits, where
recharge is negligible. In this regard it can be said that the Basin’s geological
environment has protected the aquifer: the lacustrine deposits with their
low conductivity values have protected the aquifer from pollution, while
the mountainous terrain, where recharge occurs, is protected from urban
growth due to its topographic relief.

A Equations to determine ET,

y = % — 0.665 x 1073P = 0.665 x 10~ x 101.3%526(1&1)
o — e (Thax) ;—eo(Tmin) (A.2)
e°(T) = O.618€XP% (A.3)

B O.618exp% (Ag)

(T +237.3)2
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where T represents daily average temperature:

Tmean - M (A5)
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