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ABSTRACT: Some conclusions on the vulnerability of hydrologic regions in Mexico to future changes 
in climate can be drawn from the application of regional-scale thermal-hydrological models. Climate 
changes induced by the doubling of atmospheric CO2 have been predicted for the year 2050 by general 
circulation models (GCMs) and energy balance models (EBMs). The results obtained suggest that 
potential changes in air temperature and precipitation may have a dramatic impact on the pattern and 
magnitude of runoff, on soil moisture and evaporation, as well as on the aridity level of some hydrologic 
zones of Mexico. However, in other cases climate change is hkely to produce a positive effect. Indlces 
were estimated for quantifying the vulnerability of hydrologic regions and of the country as a whole. 
These vulnerability indices were defined according to cntena previously established for studies of this 
type. The indices provide information about both the hydrologic zones which are vulnerable even 
under current climate conditions and others which may be vulnerable to future climate changes. 
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1. INTRODUCTION 

Studies described in Section 6 of the IPCC (1990) 
report suggest that, in a time frame of 3 to 6 decades, a 
significant man-induced global climate change is 
likely to gradually occur. This change would be caused 
by an increase in atmospheric carbon dioxide, as a con- 
sequence of an explosive increase in the use of fossil 
fuels and of industrial development. 

One of the main effects of global climate change 
would be an alteration of the regional thermal-hydro- 
logical cycle, accompanied by changes in runoff as 
well as in water availability and storage in the over- 
land basins and watersheds (Gleick 1986, 1987, 1990, 
IPCC 1990). 

For the present study, the 37 official Mexican hydro- 
logic regions (Secretaria de Recursos Hidraulicos, 
1976) were grouped into 12 zones with similar hydro- 
logic characteristics, as shown in Fig. 1. 
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A thermal-hydrological model developed at the Cen- 
tro de Ciencias de la Atmosfera (CCA) of the Universi- 
dad Nacional Autonoma de Mexico (UNAM) was used 
to assess the vulnerability of these 12 hydrologic zones 
to a future climate change, as predicted by 2 GCMs, 
the Geophysical Fluid Dynamics Laboratory model 
(GFDL-R30; Manabe & Stouffer 1980) and the Cana- 
dian Climate Center second generation model (CCCM; 
Boer et al. 1992). A thermal energy balance model 
(EBM), the climate thermodynamic model (CTM) of the 
Mexican CCA, was also used (Garduno & Adem 1992). 

The hydrological model was applied to determine 
annual surface runoff, available water volume and 
water storage under the future climate conditions in 
the 12 hydrologic zones. For this purpose, a method 
based on an aridity index calculated as the ratio of 
potential evaporation to precipitation was used. 

In addition to this, the results obtained from a gov- 
ernmental project, the Plan Nacional del Agua 
(National Water Plan) carried out in Mexico (Secretaria 
de Recursos Hidraulicos 1976), were used to estimate 
the percentage of water use for different purposes with 
regard to the observed annual runoff for the 12 hydro- 
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capacity. These parameters were adjusted 
to the specific hydrologic conditions of each 
zone. 

During the first stage of the study, the bal- 
ance model was run to generate the annual 
thermal-hydrological cycle under current 
climate conditions (baseline scenario), using 
the 5 parameters adjusted for this scenario 
and observed values of 7 climate variables. 
The latter included 3 surface variables (air 
temperature, relative humidity and wind 
velocity), precipitation, cloudiness, clear- 
sky surface short-wavelength radiation, 
and surface albedo for wet and dry condi- 
tions. The first 5 variables were obtained 
from 30 yr records included in the Atlas del 
Agua de  la Republica Mexicana (Secretaria 

Fig. 1. The 12 hydrologic zones into which the Mexican territory was de Recursos Hidraulicos 1976). The other 2 
divided for the present study. ( I )  Campeche-Yucatan-Quintana Roo were taken from the cTM files. 
plains, (11) Southern Gulf Watershed, (111) Southern Pacific Watershed, (IV) 
Balsas River Basin, (V) Panuco River Basin. (VI) Lerma-Chapala-Santiago Data on temperature, precipitation and 
Basin, (VII) Central Pacific Watershed. (VIII) Northern Pacific Watershed, global radiation changes were derived from 
(IX) Mapirni-Aguanaval-El Salado Interior Watershed, (X) Northern Gulf the GFDL-R30 and CCCM models, while 
Watershed, (XI) Rio Bravo Interior Watershed and northern closed basins, only information on temperature and pre- 

(XII) Baja California Peninsula cipitation changes was obtained from the 
CTM. These data were considered as 
anomalies which were added to the corre- 

logic zones and for the country as a whole. The values sponding climatic values. They were thus used to 
obtained were extrapolated to 2050-a year for which force the balance model in order to generate 3 differ- 
a global climate change is predicted by GCMs and ent annual thermal-hydrological cycles, one for each 
EBMs-using a second-degree polynomial regression. of the above-mentioned climate change scenarios 

Five vulnerability indices were determined for the (GFDL-R30, CCCM and CTM). For the generation of 
baseline scenario (current climate) and for the scenar- these 3 scenarios it was assumed that the 5 parameters 
ios derived from the GFDL-R30 model, the CCCM and adjusted for the baseline scenario would not change 
the CTM, named hereafter the GFDL-R30, CCCM and under the new climate conditions. 
CTM scenarios. 

The vulnerability indices for the baseline scenario 
were compared with those for the GFDL-R30, CCCM 3. RESULTS OF THE VULNERABILITY 
and CTM scenarios in order to assess the impact of cli- ASSESSMENT 
mate change and the regional vulnerability of the coun- 
try's hydrological system. This was intended to provide 3.1. Annual-storage to annual-surface-runoff ratio 
an appropriate response for reducing the impacts. 

Values for the Southern Gulf Watershed (Zone 11) 
and the Lerma-Chapala-Santiago Basin (Zone VI) are 
shown in Tables 1 & 2, respectively, as an example. 

The percentage of precipitation change is signifi- 
cantly different under the 3 scenarios. Precipitation 
values under the CCCM and CTM scenarios are lower 
than the current climate values (negative percent- 
ages). In contrast, a substantial increase in precipita- 
tion (positive percentages) is predicted under the 
GFDL-R30 scenario. The comparison of columns 2 and 
4 from these tables indicates a positive elasticity higher 
than 1 in both basins, which means that the runoff is 
'elastic' with respect to precipitation, particularly in 
the case of the Lerma-Chapala-Santiago Basin. 

2. CLIMATE CHANGE SCENARIOS 

The thermal-hydrological model was applied to a 
network of 106 sites distributed in a more or less uni- 
form manner within the 12 hydrologic zones. The 
model includes 5 adjustable parameters: two of them 
refer to the proportion of water evaporation and infil- 
tration prior to the occurrence of surface runoff caused 
by precipitation; one is proportional to subsurface 
runoff; another one is related to the amount of water 
which can percolate to the underground; and the last 
one is related to the maximum soil moisture holding 
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A value of 60% for the annual-storage to annual- 
runoff ratio-known as annual water storage index 
according to Matalas & Fiering (1977)-has been used 
to define the threshold of vulnerability. Areas having a 
value lower than 60% are particularly vulnerable to 
long periods of drought or of intense rainfall greatly 
exceeding the normal climate values. 

The annual-water-storage vulnerability maps under 
the GFDL-R30 (Fig. 2) and CCCM (Fig. 3) scenarios 
are shown as examples. 

3.2. Water availability and demand under the 
different climate change scenarios 

The amount of annual surface runoff water which 
can be withdrawn without affecting the existing water- 
vegetation-animal balance and preventing the deserti- 
fication of a wet zone and its evolution into a declared 
dry zone as a result of climate change was estimated. 
This amount of water is called the available volume 
(V,), while the difference between annual runoff and 
available volume is the water reservoir of the zone 
(Qreservoir) . 

The Penman aridity index I, was used to estimate 
the water reservoir at each zone. This index is defined 
as the ratio of potential evaporation (Penman-Mon- 
teith) to precipitation. The following interval, based on 
Koppen's climatic classification as modified by Garcia 
(Secretana de Recursos Hidraulicos 1976), was used to 
classify the dry and wet zones: 

., = EpIP < 2 Wet zones 

I, = E p / P > 2  Dryzones 

where Ep is the Penman-Monteith annual potential 
evaporation and P is the annual precipitation. There- 
fore, the critical precipitation r is defined in terms of an 
aridity index with a value of 2: 

Ep/ r  = 2 
that is to say, 

r = L E  , , For wet zones 

r = P For dry zones 

The monthly critical precipitation 5 is therefore 
given by: 

r, = (+)P, = ($)P, For wet zones 

r, = P, For dry zones 

where P, is the monthly precipitation. The critical 
monthly precipitation q can be used instead of P, to 
generate a minimum or critical runoff annual cycle. Its 
annual value QreserVoir represents the water reservoir in 
the wet hydrologic zone and the annual runoff differ- 
ence Q (obtained with P,) and Qr,,,,vo~, that is to say, 
VD = Q - Qreservoir represents the available water vol- 
ume. 

The water availability index is defined as: 

Water availability index (%) = (V~/Qreservo,) X 100 (1) 

Wet or undeclared dry zones having an index value 
lower than 100% are considered vulnerable. The de- 

Table l .  Vulnerability assessment for the year 2050 in Zone 11: Southern Gulf 
Watershed. Area: 197803 km2; annual precipitation: 1709 mm; annual evapora- 
tion: 763 mm; Penman aridity index: 0.9 (wet zone); annual runoff: 187014.2 

million m3 (945.5 mm) 

Scenario Precipitation Temperature Runoff change Annual storage/ 
change (%) change ("C) (%) annual runoff (%) 

GFDL-R30 23.8 2.6 36.5 19.9 
CCCM -7.4 2.1 -13.0 31.2 
CTM -9.5 2.4 -11.2 30.6 

clared dry zones have, by definition, a 
water availability index value equal to 
zero. However, they cannot be consid- 
ered as vulnerable with regard to their 
water reservoir because these zones 
cannot possibly overcome a desertifi- 
cation process. 

The water availability indices for 
each of the 12 hydrologic zones and 
for the country as a whole under the 
baseline, GFDL-R30, CCCM and CTM 
scenarios are presented in Table 3. 

The percentage values for the ratio of 

Scenario Precipitation Temperature Runoff change Annual storage/ 
change (%) change ("C) (%) annual runoff (%) 

GFDL-R30 24.9 3.0 123.2 39.6 
CCCM -8.6 2.2 -35.6 137.4 
CTM -16.8 2.7 -41.6 151.4 

Table 2. Vulnerability assessment for the year 2050 in Zone VI: Lerma-Chapala- water and consump- 

Santiago Basin. Area: 130428 km2; annual precipitation: 698 mm; annual evap- tion for domestic, industrial, energy- 
oration: 618 mm; Penman aridity index: 2.0 (undeclared dry zone); annual related and irrigation purposes to the 

runoff: 10389.2 million m3 (79.6 mm) observed annual runoff, for the 12 hy- 
drologic zones and for the whole coun- 
try, were taken from the Mexican gov- 
ernment 'Plan Nacional del Agua' 
project data, published in the Atlas del 
Agua de la Republica Mexicana (Sec- 
retana de Recursos Hidraulicos 1976). 
These values were extrapolated to the 
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Gulf of Mexico 

Pacific Ocean 

Local consumption (UL) is the amount of 
water supplied for domestic, municipal 
and industrial uses, for specific industrial 
activities and for electric power genera- 
tion. This water may not be recovered. 
Irrigation consumption (UR) is the amount 
of water used for agricultural irrigation. 
This water may not be recovered. 
Total consumption (UT) is the sum of 
uL + uR. 

All the figures above are in millions of m3 
per year. 

According to Szesztay (1970), the total 
water consumption is considered as a criti- 
cal factor for economic development in 
zones where the (&/Q) X 100 index is 
higher than 20%. Therefore, a hydrologic 

Fig. 2. Vulnerable hydrologic zones (shaded) with water storage lower 'One be considered as 
than 60% of the annual surface runoff under the GFDL-R30 scenano regards total water consumption when the 

for Mexico values for this index are higher than 20%. 
This value is also appropriate for defining 
the vulnerability of a zone as regards water 
consumption for irrigation. 

year 2050 by means of a second-degree polynomial As for total water withdrawal, the zones where the 
regression. (UET/Q) X 100 index is higher than 100% require addi- 

Water use indices, defined as the ratio of total water tional water supply from other sources, such as ground- 
withdrawal or of water consumption for different pur- water, desalinization, inter-regional transfer, or reuse. 
poses to surface runoff, were thus determined for each Therefore, a potential water availability equal to 100% 
zone under the baseline, GFDL-R30, CCCM and CTM will be used to indicate vulnerability in relation to the 
scenarios. The water use index (Secretaria de Recursos total water withdrawal index expressed as a percentage. 
Hidraulicos 1976) is defined as: Zones where the total water withdrawal represents a 

Water use index (%) = (WQ) X 100 large part of the renewable potential availability, or is 
( 2 )  even higher, would be particularly vulnerable. 

where U is the total water withdrawal or wa- 
ter consumption for any one of the purposes 
mentioned above in millions of m3, and Q is 
the annual surface runoff in millions of m3. 
In this case it is understood as the annual po- 
tential surface water availability. 

Some definitions regarding water use are 
given below (Secretana de Recursos Hid- 
raulicos 1976). 

Potential availability is the annual mean 
volume of surface water present in the 
region, that is to say the annual surface 
runoff (Q). 
Total water withdrawal (UET) is the amount 
of water withdrawn from water bodies or 
flows for all possible purposes: irrigation, 
urban supply (domestic, municipal, indus- 
trial), specific industrial uses, and electric 
power generation. I t  also includes the 
water obtained from underground Fig. 3. Vulnerable hydrologic zones (shaded) with water storage values 
desalinization, inter-regional transfer, or lower than 60% of the annual surface runoff under the CCCM scenario 
reuse. for Mexico 

Gulf of Mexico 

Pacific Ocean 
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Table 3. Percentage ratio of available water volume to water 
reservoir, (VD/Qre,er,oir) X 100, for each hydrologic zone and 
for the whole country under the baseline, GFDL-R30, CCCM 
and CTM scenarios for the year 2050, estimated with the 
thermal-hydrological balance model. Base: Baseline; GFDL: 

GFDL-R30 

Hydrologic Base GFDL CCCM CTM 
zone 

I 733.3 809.1 900.0 733.3 
I1 284.6 354.5 212.5 185.7 
111 222.6 316.7 122.2 143.9 
IV 212.5 400.0 66.7 72.4 
V 81.8 122.2 28.2 8.7 
V1 0 61.3 0 0 
V11 163.1 233.3 127.3 51.5 
v111 0 0 0 0 
IX 0 0 0 0 
X 75.4 132.5 4.2 0 
XI 0 0 0 0 
XI1 0 0 0 0 
Country 163.1 170.3 122.2 127.3 

The percentage ratios of water consumption for irri- 
gation, total consumption and total water withdrawal 
to the annual surface runoff, at each of the 12 hydro- 
logic zones and in the country as a whole, under the 
different climate change scenarios are shown in 
Tables 4, 5 & 6 respectively. 

4. ANALYSIS AND CONCLUSIONS 

The following 5 indices were used to assess the 
degree of vulnerability at each zone: 

(i) The water availability index, given by Eq. (1) 

(ii) The water consumption for irrigation index, given 
by Eq. (2) for U = UR 

(iii) The total water consumption index, given by 
Eq. (2) for U = UT 

(iv) The total water withdrawal index, given by 
Eq. (2) for U = UET 

(v) The annual water storage index (the percentage 
ratio of annual storage to annual runoff) 

Each index has an indicator or critical value that 
defines the point at which the zone becomes vulnera- 
ble. These values are, respectively: 

(i) 100 % (vulnerable below this value) 

(ii) 20 % (vulnerable above this value) 
(iii) 20 % (vulnerable above this value) 
(iv) 100 % (vulnerable above this value) 
(v) 60 % (vulnerable below this value) 

The number of indicator values which have been 
exceeded in each hydrologic zone and in the whole 
country under the baseline scenario for 1995 and 
under the baseline, GFDL-R30, CCCM and CTM sce- 

Table 4. Percentage ratio of water consumption for irrigation 
to annual runoff, (URIQ)  X 100, in each hydrologic zone and in 
the whole country under the baseline scenario for 1995 and 
the baseline, GFDL-R30, CCCM and CTM scenarios for 2050, 
obtained with the thermal-hydrological balance model. Base: 

Baseline; GFDL: GFDL-R30 

Hydrologic 1995 2050 
zone Base Base GFDL CCCM CTM 

I 1.5 7.8 7.4 6.4 8.3 
I1 4.5 7.5 5.5 8.6 8.5 
I11 4.3 7.9 5.4 10.1 8.6 
IV 10.2 15.4 8.0 30.6 23.0 
V 20.2 79.4 55.1 106.9 101.3 
V1 30.4 59.4 26.5 91.7 101.1 
V11 8.8 14.4 8.9 14.7 21.0 
V111 53.3 83.8 37.6 84.5 287.4 
IX 59.6 62.5 20.6 85.3 140.0 
X 13.3 78.2 42.9 134.7 89.3 
XI 84.9 94.9 49.3 92.7 142.0 
XI1 156.3 355.7 157.9 245.1 888.6 
Country 12.6 23.4 15.2 27.2 29.2 

Table 5. Percentage ratio of total water consumption to 
annual runoff (UT/Q) X 100 in each hydrologic zone and in the 
whole country under the baseline scenario for 1995 and the 
baseline, GFDL-R30, CCCM and CTM scenarios for 2050, 
obtained with the thermal-hydrological balance model. Base: 

Baseline; GFDL: GFDL-R30 

Hydrologic 1995 2050 
zone Base Base GFDL CCCM CTM 

I 1.9 13.2 12.5 10.9 14.1 
I1 4.8 10.0 7.3 11.5 11.2 
I11 4.8 13.8 9.4 17.6 15.0 
IV 12.8 23.6 12.3 46.8 35.1 
V 28.1 149.0 103.3 200.6 190.1 
V1 35.3 110.9 49.4 171.2 188.7 
V11 9.9 17.8 11.0 18.2 26.1 
V111 55.1 104.0 46.7 104.8 356.6 
IX 65.0 116.9 38.4 159.5 261.9 
X 14.7 95.2 52.3 163.9 108.7 
XI 96.7 215.1 111.8 210.0 321.8 
XI1 214.1 957.1 421.0 659.4 2391.2 
Country 14.2 38.6 25.2 45.0 48.2 

narios for 2050 are shown in Table 7. The lower case 
Roman numerals in brackets indicate the item(s) which 
is vulnerable within the zone: (i) the water reservoir; 
(ii) the water consumption for irrigation; (iii) the total 
water consumption; (iv) the total water withdrawal; 
(v) the annual water storage. The table is a synthesis of 
the vulnerability in each of the 12 hydrologic zones 
and in the whole country. 

As observed in the table, Zones V, V1 and XI1 are the 
ones in which the highest number of indicators or crit- 
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Table 7. Number of indicator values or critical values In each hydrologic zone 
ical are exceeded under every and in the whole country under the baseline scenario for 1995 and the baseline, 
scenario. In the case of the first 2 GFDL-R30, CCCM and CTH scenarios for 2050, obtained with the thermal- 
zones, this is due to the fact that thev hydrological balance model. The lower case Roman numerals in brackets indi- 

Table 6. Percentage ratio of total water withdrawal to annual every scenario. These zones have a high storage 
runoff (UETIQ) X 100 in each hydrologic zone and in the whole deficit as compared to the other ones, due to the 
country under the baseline scenario for 1995 and the baseline, 
GFDL-R30, CCCM and CTM scenarios for 2050, obtained 

occurrence of a very intense runoff. 

with the thermal-hydrological balance model. Base: Baseline; Zone I does not appear as vulnerable with regard to 
GFDL: GFDL-R30 either the water reservoir, water consumption or total 

are the most densely populated and cate the item(s) which is vulnerable within the zone: (i)  the water reservoir; 
(ii) the water consumption for irrigation; (iii) the total water consumption; (iv) the therefore the water demand is very total water withdrawal; (v) the annual water storage 

high. In the case of Zone XII, it is due 

Hydrologic 1995 2050 
zone Base Base GFDL CCCM CTM 

1 3.3 23.7 22.4 19.5 25.3 
I1 86.8 383.5 280.6 440.5 431.5 
111 25.1 59.6 40.4 76.2 65.0 
1V 103.3 221.6 115.3 439.5 330.2 
V 57.1 316.4 219.3 425.8 403.6 
V1 102.1 429.6 191.3 663.1 731.1 
V11 38.9 88.6 54.8 90.5 129.5 
V111 130.1 408.4 183.3 411.6 1400.6 
IX 113.9 309.0 101.6 421.7 692.2 
X 27.5 143.6 78.9 247.3 163.9 
XI 221.6 1119.5 581.9 1093.3 1675.2 
XI1 297 9 1097.4 487.3 756.1 2741.7 
Country 73.9 290.0 188.8 337.4 362.1 

to the fact that it is the driest zone, 
having the lowest runoff in the 
country. 

The Lerma-Chapala-Santiago Basin 
(Zone VI) is vulnerable with regard to 
its water reservoir under every sce- 
nario. The Panuco Basin (Zone V) is at 
risk of becoming a dry zone if the cli- 
mate is modified as predicted under 
the CCCM and CTM scenarios. 

The declared dry zones (VIII, IX, XI 
and XII) are not vulnerable with 
regard to their water reservoir. This is 
a consequence of the above-men- 
tioned assumption, as these zones can- 
not possibly be subject to a desertifica- 
tion process. 

Zones V and VI, located in the cen- 
tral part of the country, and Zones VIII 
to XI1 located to the north, are vulner- 
able as to water consumption for irri- 
gation under every scenario. There- 
fore, water availability is likely to be 
limiting for irrigation at  these zones. 

Zones I1 and I11 of the tropical 
humid region are vulnerable with 
respect to annual water storage under 

water withdrawal. It was not possible, however, to 
draw any conclusions on water storage in this area 
since the amount of groundwater storage is unknown 
and, furthermore, the assumption of a minimum stor- 
age of 60% of the runoff can only be applied to dams 
and surface water bodies. Therefore, this zone does 
not appear as vulnerable with regard to any of the 
issues assessed in this study. 
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Hydrologic 1995 2050 
zone Baseline Baseline GFDL-R30 CCCM CTM 

1 0 0 0 0 0 

I1 1 2 2 2 2 
(V) (iv,v) (iv,v) (iv,v) (iv,v) 

I11 1 1 1 1 1 
(v) (v) (v) (v) (v) 

IV 2 3 2 4 3 
( i v , ~ )  ( i v v )  (iv,v) (i,ii,iii,iv) (i,ii,iii) 

v 4 5 4 5 5 
(i,ii,iii,v) (i,ii,iii,iv,v) (ii,iii,iv,v) (i,ii,iii,iv,v) (i,ii,iii,iv,v) 

v1 4 4 5 4 4 
(i,ii,iii,iv) (i,ii,iii,iv) (i,ii,iii,~v,v) (i,ii,iLiv) (i,ii,iii,iv) 

v11 1 1 1 1 5 
(v) (v) (v) (v) (i,ii,iii,iv,v) 

v111 3 3 4 3 3 
(ii.m,iv) (ii,iii,iv) (ii,iii,iv,v) ( i i ,h ,~v)  (u,~ii,iv) 

IX 3 3 4 3 3 
(ii,iii,iv) (ii,iii,iv) (ii,iii,iv,v) (ii,iii,iv) (ii,iii,iv) 

X 1 4 2 4 4 

(1) ( i , i i , v )  (ii,iii) (i,ii,iii,iv) (i,ii,iii,iv) 
XI 3 3 3 3 3 

(11,111,iv) (ii,iii,iv) ( i i , i i~,~v)  (ii,lli,~v) (G,iii,iv) 

XI1 4 4 4 4 3 
(ii.iii,iv,v) (ii,iii,iv,v) (ii,iii,iv,v) (ii,iii,iv,v) (ii,iii,iv) 

Country 1 4 3 4 4 
(V)  (ii,iii,iv, v) (iii,iv,v) (ii,iu,iv,v) (ii,iii,iv,v) 
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