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a b s t r a c t
Rural inhabitants of arid lands constantly face a lack of sufﬁcient water to fulﬁll their agricultural and
household needs. In this situation they have to take quick and precise decisions about how to cope with
the situation. Moreover, there is not readily available technical information to support their decisions
regarding the course of action they should follow to handle the agro-climatic risk. In this paper a computer model (soil water balance model) is described to assess the impact on crops yields of rainfall shortages in dry lands in Mexico. The model is linked to a knowledge based database where a farmer may ﬁnd
readily available information to support cropping decisions. The knowledge base activates when the computed average crop yield is less than the 50% of the expected crop yield. The knowledge base provides
information on risk, potential crops, and the geographical location (counties) where the crop may succeed. Also, it provides a technology to increase water productivity under limited availability situations.
Further, the model can evaluate the impact of a climate change scenario (IPCC B2). Other inputs to the
model being equal, the user may shift the model to run the climate change scenario and to compare
the outputs of the model to assess the climate change impact on future crops yields.
Ó 2015 Elsevier B.V. All rights reserved.

1. Introduction
Developed countries are characterized by a large population
that has exited the rural sector. Mexico, despite public policies to
increase the annual GDP, still has about 28% of the total population
linked directly or indirectly to the rural sector. Also, land tenure for
most of these dryland farmers is characterized by high climate
uncertainty and the lack of support to prevent or to cope with this
risk (Sanchez Cohen et al., 2011).
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Capacity constraints are often coupled with weak harmonization and coordination of policy, legal and regulatory frameworks
between the sectors competing for land and natural resources.
Also, there are often weak institutions in charge of coordinating
land issues, including those tasked with implementing National
Action. There is a need for synergies among these strategies,
including agriculture strategies and action plans (FAO, 2013).
Mexico, like many other countries in the world, faces great
water challenges. In fact, water is the most important impact of climate change that should be addressed in its relation to the water
cycle, water pollution, water scarcity, poor water administration,
lack of resources for research and technological development,
and lack of environmental planning (Arreguin Cortes et al., 2011).
Rainfed areas in Mexico account for 14 million hectares where
around 23 million people live and are located in places where there
is little climatic information or are ungagged at all. The severe
drought that has impacted northern Mexico in the past several
years as well as other parts of the country, has forced decision
makers to look for improved tools and procedures to prevent and
to cope with this natural hazard. Computer models that simulate
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crop growth and estimate crop yields are a powerful tool for decision taking and planning when properly used. Achieving potential
crop yields under irrigated conditions depends on following agronomical recommendations regarding planting dates, use of suitable
seeds, and pests and diseases control; on the other hand, for
estimating crop yields under rainfed conditions one must to add
rainfall uncertainty to the above constraints. This uncertainty
may be accounted for using stochastically driven water balance
models where rainfall patterns are estimated based on statistics
that deﬁne the behavior of the rainfall historical data (SanchezCohen et al., 2014).
Dryland farmers face uncertainty every year about what to do or
lack of knowledge regarding what alternatives they have to prevent
or to adapt to the imposed risk by climate uncertainty or variability.
The objective of this paper is to present a stochastic decision
model (water balance model) for dry lands in Mexico whose outputs are linked to readily available technology to cope with climate
risk aiming to support farmers decision taking at farm level.
Besides farmers, technicians, agronomy professionals and decision
takers at different levels of decision are also the aim of this
research work.
2. Research approach
2.1. Soil water balance description
Soil water balance assesses the soil water content at a given
time and it may be deﬁned as the amount of water held in the soil
at that time. The soil water balance relies on the soil water storage
capacity in the root zone which, for the purpose of modeling, is
determined by soil texture and plant growth stage. In rainfed agriculture planning and analysis, it is desirable that this balance be
done on a daily basis as a way to identify dry or wet spells that
impact crop yields.
A crop growth simulation model must therefore keep track of
the soil moisture potential to determine when, and to what degree,
a crop is exposed to water stress. This is commonly done with the
aid of a water balance equation, which compares incoming water
in the rooted soil with outgoing water for a given period of time,
and quantiﬁes the difference between the two as a change in the
amount of soil moisture stored. The purpose of soil water balance
calculations is to estimate the daily value of the actual soil moisture content, which inﬂuences soil moisture uptake and crop transpiration and then, based on this balance, to compute the effect on
crop yield.
A computer program was written for the simulation model in
Fortran 90 and then it was migrated to a Delphi platform to facilitate building a user-friendly interface. For the purpose of this
paper, the water balance is deﬁned as:

DSi ¼ DSi1 þ ½Pp þ Q þ di  ½Eta þ Qo þ Zi

ð1Þ

where DSi is the current soil water content (L), Pp is the daily precipitation (L), Q is runoff to the cropped area expressed as water
depth (L), d is the soil capillarity, Eta is the crop maximum evapotranspiration (L T1), Qo is the runoff out of the cropped area (L),
and Z is deep percolation (L). The subscript ‘‘i’’ refers to the timing,
(i.e. ti1 is the previous day).
In most dry lands it is difﬁcult to ﬁnd the water table near the
soil surface and also in shallow soils that characterizes drylands in
Mexico, it is not common to have deep soils; so based on this, d is
dropped from Eq. (1).
2.2. Rainfall computation under actual climate scenario
The main characteristic of the water balance method in this
paper is the stochastic process used to compute rainfall amounts
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and occurrence under both actual and climate change scenarios
(Scenario B2 of the Intergovernmental Panel on Climate Change,
IPCC). Within the model, daily rainfall is simulated using a
Markov chain-exponential model in which precipitation occurrence is described by a ﬁrst-order Markov chain and the amount
of rainfall for those days on which rainfall occurs is based on an
exponential distribution of daily rainfall amounts (SanchezCohen et al., 1997, 2014):

F x1 ðxÞ ¼ Pðx1  xÞ ¼ 1  ekx

ð2Þ

where parameter k = inverse of daily precipitation (Hanson et al.,
1975). The ﬁrst-order Markov chain utilizes two states deﬁned by
the transition probabilities:

pij ðnÞ ¼ PðX n ¼ jIX n1 ¼ iÞ;

i; j ¼ 0; 1; n ¼ 1; 2; . . . 120

ð3Þ

where state 0 signiﬁes a dry day and state 1 signiﬁes a wet day and:

pi1 ðnÞ ¼ 1  pi0 ðnÞ;

i ¼ 0; 1

ð4Þ

Thus these transition probabilities deﬁne four possible states as
follows: P00 – the probability of a day being dry given that the previous day was dry; P01 – the probability of a day being dry given
that the previous day was wet; P10 – the probability of a day being
wet given that the previous day was dry; and P11 – the probability
of a day being wet given that the previous day was wet (SanchezCohen et al., 1997). Both Markov chain and exponential distribution parameters may be computed for selected periods from
daily rainfall data using methods described by Woolhiser and
Roldan (1986) and by Wilks (1995).
Once the distribution parameters have been deﬁned, the simulation procedure consists of generating a random number
between 0 and 1 to determine whether or not precipitation occurs
on any given day utilizing Eqs. (3) and (4). If rainfall does occur,
another independent random number is generated and transformed to compute the amount of precipitation according to Eq.
(2) (Sanchez-Cohen et al., 1997).
2.2.1. Intergovernmental Panel on Climate Change Scenario (IPCC)
As a result of the need for regional projections to evaluate the
integrated impacts of climate change to a regional scale, downscaling dynamic and statistical techniques have been developed which
reduce some of the bias in General Circulation Models (GCM) as
well as their spatial limitations. The term scale reduction or transformation is a relatively recent one aiming to describe a series of
techniques that correlate atmospheric variables with local or regional variables (Hewitson and Crane, 1996). This is widely used in
climate modeling due to its relatively rapid application and
reduced computational need compared to the dynamic rescaling
approach of the GCM. Essentially, the regional climate is considered to be conditioned by the global scale climate as Y = F(X),
where Y is the predictand or local variable being rescaled (i.e. temperature or rainfall), X is a series of predictive atmospheric variables of global scale (sea level pressure, relative humidity, etc.)
and F is a linear or non-linear transfer function.
Within the proposed model under climate change scenario,
downscaled variables (temperature, maximum and minimum)
are used to rescale transition matrix probabilities for computing
time and amounts of rainfall according Eqs. (2)–(4) and to recalculate the soil water balance and to compute crop evapotranspiration. Table 1 shows a comparison between transition
probabilities for a given climate station under both a current and
future scenario (IPCC B2).
Figs. 2 and 3 show the general steps to rescale local climate
databases expanding the method highlighted by the dark gray rectangle shown in the second row of the left hand side of Fig. 1
(IPCC). The chosen IPCC scenario for computing climate variables
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Table 1
Transition probabilities for a climate station under both actual and climate change scenario. PWD = probability of having a wet day following a dry day; PWW = probability of
having a wet day following a wet day. Climate station Canelas Durango, Mexico (25°60 north latitude and 106°340 west latitude).
Month

J
F
M
A
M
J
J
A
S
O
N
D

Actual scenario

Climate change scenario B2

PWD

PWW

PP mean (mm)

TMAX (°C)

TMIN (°C)

PWD

PWW

PP mean (mm)

TMAX (°C)

TMIN (°C)

0.08
0.05
0.03
0.03
0.05
0.19
0.61
0.58
0.4
0.13
0.06
0.1

0.55
0.48
0.38
0.36
0.46
0.69
0.86
0.81
0.72
0.45
0.5
0.46

62
29
24
9
24
160
329
289
199
87
42
79

23.2
24.2
25.6
27.9
29.9
30.3
28.2
28.1
28.1
27.7
26.1
23.5

8.5
8.5
9.7
12
14.2
16
16.5
16.3
16.1
14.5
12
9.1

0.07
0.06
0.04
0.03
0.06
0.18
0.63
0.48
0.31
0.12
0.06
0.14

0.53
0.37
0.27
0.34
0.44
0.71
0.81
0.79
0.7
0.46
0.39
0.41

46
37
19
12
40
157
311
267
205
78
51
95

24.6
25.6
26.6
28.9
31.1
30.8
29.1
29.2
29.7
29.3
26.9
24.8

9.5
9.9
10.8
12.8
15.5
16.9
17.2
17.7
17.4
15.6
12.8
10.4

Fig. 1. General conceptual diagram of the water balance model and the decision support database.

is B2, given that that scenario better ﬁts the economical and management conditions projected for drylands in Mexico. According to
the IPCC (2000) the B2 storyline and scenario family describes a
world in which the emphasis is on local solutions to economic,
social, and environmental sustainability. It is a world with continuously increasing global population at a rate lower than A2 (continuously increasing global population), intermediate levels of
economic development, and less rapid and more diverse
technological change than in the B1 (with rapid changes in economic structures toward a service and information economy, with
reductions in material intensity, and the introduction of clean and
resource-efﬁcient technologies). While the scenario is also oriented
toward environmental protection and social equity, it focuses on
local and regional levels.
The LARS-WG (a stochastic weather generator for use in climate
impact studies) model was used for the purpose of rescaling

regional data. A description of this model may be found in
Semenov and Barrow (2002). LARS-WG can be used for the simulation of weather data at a single site under both current and
future climate conditions. These data are in the form of daily
time-series for a suite of climate variables, namely, precipitation
(mm), maximum and minimum temperature (°C) and solar radiation (MJ m2 day1).
The procedure for using downscaled climatic data consisted in
determining the transition probabilities out of the rescaled data
provided by the model; that is, to obtain the matrix that originated
the daily data bases within the LARS-WG model.
2.3. Runoff (Q)
The soil water balance model offers the option of adding
amounts of water to the cropped area by means of runoff; if
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Fig. 2. Scale Reduction approach for a General Circulation Model (GCM). Local climate information is transferred correlating surface climatic variables (predictands) with
those of global scale (predictors).

selected, this option computes runoff using the Soil Conservation
Service Curve Number (CN) method (Schwab et al., 1993). This
method ﬁgures the portion of rainfall that becomes runoff considering the hydrologic soil group, soil cover and condition of the
cover from where a curve number is selected that reﬂects the integrated impact of these variables on runoff. The complete description of the method may be found elsewhere i.e. Hawkins, 1986,
1975, 1990; Rawls and Brakensiek, 1986; Aron et al., 1977.
Within the simulation model, once the soil depth deﬁned at the
beginning of the run is saturated according to its water holding
capacity dictated by the soil texture, the remaining water is considered either runoff (Qo) the cropped area or inﬁltrated below
the root depth (Z). No further consideration is kept for these
variables.
2.4. Evapotranspiration (Eto)
For practical purposes the model computes actual evapotranspiration Eta out of reference evapotranspiration from the Blaney
and Criddle method (Blaney and Criddle, 1962).
The Blaney–Criddle equation was developed to estimate Eto
losses in the western United States by the SCS (SCS, 1967).
It should be noted that this method is not very accurate; it provides
a rough estimate or ‘‘order of magnitude’’ only. Nevertheless, for
ungaged areas as many drylands in Mexico are, the method is suitable to fulﬁll the Eto data requirements.
This method provides evapotranspiration data on a monthly
basis, so in some areas it may underestimate the Eto values and
in others overestimate them (Jensen et al., 1990). The Blaney–
Criddle method is simple, using only measured data on
temperature

Eto ¼ p  ð0:46Tm þ 8:13Þ

ð5Þ

where Eto = reference crop evapotranspiration (mm day1) as an
average for a period of 1 month.Tm = mean daily temperature (°C).
p = mean daily percentage of annual daytime hours.
A full description of Blaney and Criddle use may be found in
Brouwer and Heibloem (1986).
Actual evapotranspiration (Eta) is computed under nonstandard
conditions following the method of FAO. Where the conditions
encountered in the ﬁeld differ from the standard conditions (irrigated), a correction of Eta is required. Soil water shortage and soil
salinity may reduce soil water uptake and limit crop evapotranspiration (Allen et al., 1998). In dry soils, the water has a low
potential energy and is strongly bound by capillary and absorptive
forces to the soil matrix, and is less easily extracted by the crop.
When the potential energy of the soil water drops below a threshold value, the crop is said to be water stressed. Within the model
Eta is computed as:

Eta ¼ ks  kc  Eto

ð6Þ

where ks = describes the effect of water stress on crop transpiration,
kc = crop coefﬁcient and Eto is the Blaney and Criddle potential
evapotranspiration computed with Eq. (5).
The source code of the simulation model includes the ‘‘default’’
kc values (Allen et al., 1998) for the crops considered; nevertheless,
the user may provide his own kc values that reﬂect more precisely
the crop growth characteristics. The model considers only three
values of kc for the initial, middle, and late crop stages of crop
development. The computer program keeps track of the percentage
of development of the crop based on the length of growing period
(input by the user depending on the type of variety used: early
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Fig. 3. Flow diagram for the generation of downscaled variables for computing the soil water balance under a climate change scenario.

Fig. 4. Example of a water function production (WFP) for corn. Eta is actual
evapotranspiration of the crop.

plantations  90 days, intermediate plantations  120 days or late
plantations, more than 120 days) and then assigns the corresponding kc according to the stage of crop development as: if crop development 620%, then use kc1; if crop development >20% and 647%,
then use kc2; else if crop development is >47% and 6100%, then
use kc3. This procedure allows the kc distribution to adjust to
the length of the growing period in an ‘‘elastic’’ type of adjustment.
The ks value is computed as:

ks ¼

TAW  Dr
ð1  pÞ  TAW

ð7Þ

where ks is a dimensionless transpiration reduction factor dependent on available soil water, Dr = root zone depletion (mm),

TAW = total available soil water in the root zone (mm), p is a fraction of TAW that a crop can extract from the root zone without suffering water stress.
TAW is the amount of water that a crop can extract from its
root zone, and its magnitude depends on the type of soil and
the rooting depth: usually the range is between ﬁeld capacity
and wilting point. According to the FAO, when the soil water content drops below a threshold value, soil water can no longer be
transported quickly enough toward the roots to respond to the
transpiration demand and the crop begins to experience stress.
The fraction of TAW that a crop can extract from the root zone
without suffering water stress is the readily available soil water
RAW = pTAW.
Within the source code p is computed according Brouwer and
Heibloem (1986) as (0.55 + (0.04 ⁄ (5  Eta))). In addition, when
the user chooses the soil texture, the program reads the default
values of the physical properties of that soil to compute the posterior model parameters. Physical properties for thirteen soil textures
are included within the program.
The model has been validated in its capability of producing reliable rainfall data and its capacity of estimating crop yield. For the
calibration of the rainfall generator, two contrasting climatological
stations were selected: Nazas in the state of Durango within the
Chihuahuan Desert (25°140 north latitude and 104°70 west latitude)
and the station of Comitan Dominguez in the state of Chiapas in
the south the country (16°150 north latitude and 92°70 west latitude). Correlation coefﬁcients of 0.96 and 0.97 were obtained
between observed and computed rainfall probabilities (PWD and
PWW) respectively.
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Fig. 5. Inputs to the simulation model within the interface to the user.

Fig. 6. Primary output from the simulation model. For each simulated year a graph of the soil water balance may be displayed moving forward or backwards with the ‘‘+’’ or
‘‘’’ sign respectively.

2.4.1. Crop yield model
The crop yield computation procedure assesses yield using
crop’s water function productions. This approach for computing
crop yield computes and accumulates actual evapotranspiration
(Eta) in a daily basis taking into account rainfall occurrence and

soil water depletion by Eta. Then the water function production
of the crop being analyzed is used to compute actual yield.
General water function productions were obtained under irrigated and controlled conditions in four different experimental stations of INIFAP in the states of Chiapas (16°140 north latitude and
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Fig. 7. Secondary output from the simulation model. Statistics of the simulated variables and pup up window linking to the knowledge based system for supporting decision
taking if the average computed yield by the model is <50% of the expected yield.

Fig. 8. Knowledge database administration within the server.

93°160 west longitude), Jalisco (20°330 north latitude and 104°30
west latitude), Durango (25°350 north latitude and 103°270 west latitude) and Tamaulipas (22°550 north latitude and 98°40 west latitude), representing most of the climatic gradient of Mexico,
following standard experimental procedures. Random blocks with
randomized treatments of irrigations during the crop stage of development were undergone. Within this procedure, water function productions depicts the yield that it may be expected for a given
location according the amount of rainfall falling during the crop
development from where Eta is computed (Bootsma et al., 1994).
For all locations summer plantations where only considered (Fig. 4).

For crop yield calibration, a correlation coefﬁcient of 0.76 and
0.80 between observed (from SIAP) and computed crop yield was
obtained for beans and corn with root mean square error (RMSE)
of 0.27 and 1.37 respectively.
2.5. Decision support
Decision support systems can play an effective role in improving dryland agriculture in the world (Heilman et al., 2004). In this
paper we deﬁne decision support as a source of primary information for supporting farmers’ decisions to reduce climatic risk. It is
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Fig. 9. Knowledge database consulting options. The user may send a notiﬁcation to the Administrator of the system letting them know about any support (technologies) that
may improve the database. This allows the system to increase its potential and widening the impact. Once approved by the Administrator, full credit is given to the person
upgrading the technologies.

Fig. 10. Information about productive potential of the crop being considered. The maps were obtained by map algebra overlying the climatic requirements of the crop: height
above the sea level, precipitation, maximum and minimum temperatures and soil type. Basic information for setting the restrictions to the overlying process was obtained in
FAO – ECOCROP (http://ecocrop.fao.org/ecocrop/srv/en/home).

a computer-based information system designed to help Mexican
farmers to make better and informed decisions.
Climate uncertainty plays a signiﬁcant role in dryland agricultural decision making. Decisions affected by climate considerations
include both dryland hardware (infrastructure) and software
(management, policies, laws) (Barbosa and Lakshmi Kumar,
2012a,b). Nevertheless, there is a lack of information about available technology to face or prevent the impacts of drought linked
to rainfall uncertainty. Moreover, is not common to ﬁnd technical
guides to support decisions at the farm level linked to simulation

models outputs. These technologies should be already tested and
calibrated under different scenarios and to prove its risk-reduction
or avoidance effectiveness.
Once the model is run (the user may choose to simulate any
number of crop seasons and to have the statistics of the results calculated for: mean precipitation, standard deviation of precipitation, maximum and minimum values for rainfall and runoff,
and average, maximum and minimum crop yield throughout the
simulations); if the computed average crop yield is less than half
the expected yield (data provided by the user at the beginning of
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the simulations, see Figs. 5–7 below) a window pops up indicating
a link to the available technology to overcome the impact of the
soil water shortage on crop yield. The right hand side of Fig. 1
shows the general layout of this process.
The knowledge database is resident in a server. The administrator of the database, under request, may give access to users
(researchers, technicians, and decision makers) at different levels
of privilege: Administrate, Security and Catalogs. The ﬁrst tag
(administrative) contains the states of the country and crops considered. Here one can modify the database adding newly generated
technology that applies to a given crop and state. The administrator of the database (knowledge base), after validating the proposed
technology, may or may not approve its inclusion in the system. If
approved, the technology will appear as available to speciﬁc

classes of users indicating when and who authorized the addition
to the knowledge database; this last piece of information is not
visible to the user. Also the system keeps track of any addition to
the knowledge base and counts the number of people that have
used the system.
The second level ‘‘Security’’ is for setting the authorized users of
the knowledge base and the level of access (privileges). Only the
general administrator has full access to all levels within the knowledge base. The general layout for administering the knowledge
data base is shown in Fig. 8.
The third level, ‘‘Catalogs’’, is for adding crops or states. The
model considers only six crops: maize, beans, sorghum, oat, wheat
and barley. This is because according the Agricultural and Livestock
Information System (SIAP) from the Ministry of Agriculture of

Fig. 11. Crop potentiality according to agro climatic requirements. This explains to the user why the crop may not reach the expected yield. Constructed with FAO ECO CROP
information.

Fig. 12. Production potential for new crops: Garlic (A) and Broccoli (B) for the site under analysis.

I. Sanchez-Cohen et al. / Computers and Electronics in Agriculture 114 (2015) 178–188

Mexico (SAGARPA) these are the most common crops under rainfed conditions within the country and with long historical information regarding yields linked to rainfall patterns. Thus, crop yield is
computed out of crop water production function as previously
stated.
When the user enters the knowledge database, several pieces of
information are available (Fig. 9). First, the user may see a map or
the productive potential of the crop being analyzed (Fig. 10). Next,
a technical guide for producing the crop under rainfed conditions
for the site into consideration may be displayed; also, the agro
climatological requirements of the crop may be consulted that
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explain why the crop is under risk for the conditions imposed.
See Fig. 11.
2.6. New crop options
After the user has weighed the risk for the imputed crop into
the simulation model, the knowledge database may provide information about other choices (crops) for the site of interest that have
potential for producing under the limiting agro climatic variables.
As previously noted, this procedure was implemented using
Boolean map algebra (See examples in Fig. 12).

Fig. 13. Example of technology that depicts the procedure to increase water use efﬁciency in rainfed areas for corn. The information includes the innovation, the problem to
solve, recommendations, scope, availability, costs, impacts and contact for further information.
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2.7. Other technology available
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Besides offering crop options, the system provides readily available technology to increase rainfall productivity. This information
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Forestry, Animal Husbandry and Agricultural Research of Mexico
(INIFAP). The INIFAP has 38 experimental stations all over the country where agricultural technology is generated for most agro ecological environments. One generated technology should go through an
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to the user: (a) Generated: in this step the researcher proposes the
new technology (which was generated within a research project)
to a national institutional interdisciplinary group which will review
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researcher has soft money to validate the newly generated technology at the farm level; and (c) Transferred: the technology is being
released to the users (farmers) and ideally presented in a technical
or scientiﬁc meeting. After validation, the technologies are published
annually. (http://biblioteca.inifap.gob.mx/portal/index.php/201309-28-00-33-31) (see Fig. 13).

Allen, R.G, Pereira, L.S., Raes, D., Smith, M., 1998. FAO Irrigation and Drainage Paper
No. 56 Crop Evapotranspiration (Guidelines for Computing Crop Water
Requirements). Rome, Italy, 300 pp.
Aron, G., Miller, A.C., Lakatos, D.F., 1977. Inﬁltration formula based on SCS curve
number. J. Irrig. Drain. Div., 419–427
Arreguin Cortes, F., Lopez Perez, M., Marengo Mogollon, H., 2011. Integrated water
management in hydrologic basins: multidisciplinary and multi-institutionality
as an action paradigm. In: Oswald Spring, U. (Ed.), Water Resources in Mexico,
Hexagon Series on Human and Environmental Security and Peace, vol. 7.
Springer, pp. 21–38.
Barbosa, Humberto A., Lakshmi Kumar, T.V., 2012a. Strengthening regional
capacities for providing remote sensing decision support in drylands in the
context of climate variability and change. In: Young, Stephen S., Silvern, Steven
E. (Eds.), Environmental Sciences ‘‘International Perspectives on Global
Environmental Change’’.
Barbosa, Humberto A., Lakshmi Kumar, T.V., 2012b. Strengthening regional
capacities for providing remote sensing decision support in drylands in the
context of climate variability and change. Int. Perspect. Glob. Environ. Change,
<http://www.intechopen.com>.
Blaney, H.F., Criddle, W.D. 1962. Determining consumptive use and irrigation water
requirements. U.S. Dept. Agr. Agricultural Research Service Tech Bull 1275, 59p.
Bootsma, A., Boisvert, J., Dumanski, J., 1994. Climate-based estimates of potential
forage yields in Canada using a crop growth model. Agric. For. Meteorol. 67,
151–172.
Brouwer, C., Heibloem, M., 1986. Irrigation Water Management: Irrigation Water
Needs.
Food and Agriculture Organization of the United Nations, 2013. Land Degradation
Assessment in Drylands. Methodology and Results Rome, pp. 56.
Hanson, C.L., Neff, E.L., Woolhiser, D.A., 1975. Hydrologic aspects of water
harvesting in the northern Great Plains. In: Proc. Water Hatvesting Symp.,
ARS W – 22, U.S. Dept. of Agriculture-Agric. Res. Service, Water Conservation
Lab, Phoenix, pp. 129–140.
Hawkins, R.H., 1975. The importance of accurate curve numbers in the estimation of
storm runoff. Water Resour. Bull. 11 (5), 887–891.
Hawkins, R.H., 1986. Applied hydrology in the Pinyon – Juniper type. In: Paper
presented at the Pinyon – Juniper Conference Reno, NV.
Hawkins R.H., 1990. Asymptotic determination of curve numbers from rainfall –
runoff data. In: Symposium Proceedings of IR Conference.
Heilman, P., Stone, J., Sanchez-Cohen, I., Macias Rodriguez, H., Mann, R.S., 2004.
Working smarter: research and decision support systems in Mexican
agriculture. In: Richardson, C.W., Baez, A.D., Tiscareño, M. (Eds.), Modeling
and Remote Sensing Applied to Agriculture (U.S. and Mexico). USDA ARS INIFAP,
pp. 211–236.
Hewitson, B.C., Crane, R.G., 1996. Climate downscaling: techniques and application.
Climate Res. 7, 85–95.
Intergovernmental Panel on Climate Change, 2000. IPCC Special Report Emissions
Scenarios. Summary for Policymakers, pp. 26.
Jensen, M.E., Burman, R.D., Allen, R.G. (Ed.), 1990. Evapotranspiration and irrigation
water requirements. ASCE Manuals and Reports on Engineering Practices. No.
70, Am. Soc. Civil Engrs., New York, NY, 360p.
Rawls, W.J., Brakensiek, D.L., 1986. Comparison between green – Ampt and curve
number runoff predictions. Soil Water Div. ASAE 29 (6), 1597–1599.
Sanchez Cohen, I., Oswald Spring, U., Diaz Padilla, G., Gonzalez Barrios, J.L., 2011.
Integrated water management in hydrologic basins: multidisciplinary and
multi-institutionality as an action paradigm. In: Oswald Spring, U. (Ed.), Water
Resources in Mexico. Hexagon Series on Human and Environmental Security
and Peace, vol. 7, Springer, pp. 39–49.
Sanchez-Cohen, I., Lopez, V.L., Slack, D.C., Fogel, M.M., 1997. Water balance model
for small – scale water harvesting systems. J. Irrig. Drain. Eng., 123–128
Sanchez-Cohen, I., Esquivel Arriaga, G., Velasquez Valle, M., Inzunza Ibarra, M.,
Muñoz Valenzuela, A., Bueno Hurtado, P., 2014. Climate based risk assessment
for maize producing areas in rain fed agriculture in Mexico. J. Water Resour.
Protect., Paper accept for publication on July 2014
Schwab, G.O., Fangmeier, D.D., Elliot, W.J., Frevert, R.K., 1993. Soil and Water
Conservation Engineering, fourth ed., John Willey and Sons Inc., 507 pp.
Semenov, M.A., Barrow Elaine, M., 2002. LARS-WG A Stochastic Weather Generator
for Use in Climate Impact Studies. Version 3.0 user manual, 27pp.
Soil Conservation Service, 1967. Irrigation water requirements. Technical Release
No. 21. USDA Soil Conservation Service, Engineering Division, 88pp.
Wilks, D.S., 1995. Statistical Methods in the Atmospheric Sciences. Academic Press,
United Kingdom, 467p.
Woolhiser, D.A., Roldan, J., 1986. Seasonal and regional variability of parameters for
stochastic daily precipitation models: South Dakota, U.S.A. Water Resour. Res.
22 (6), 965–978.

3. Conclusions
Soil water balance models are a good supporting tool for decision
taking. When coupled with external information and databases they
increase its usefulness for farmers where there is lack of readily
available information regarding courses of action given certain level
of agricultural climatic risk. In this paper, a simple soil water balance
model is presented that ﬁts the above characteristics. The model has
a user-friendly interface with inputs that may be chosen from option
tabs (mouse oriented) obviating the need to use the computer keyboard. The knowledge base linked to the model was designed taking
into account who the decision makers are, the decisions that are to
be made and the information that is needed to make those decisions.
We admit that in the design of the knowledge base there may be an
unforeseen design ﬂaws that may prevent the system to be used or
to reach the planned impact. Nevertheless, the tool has value the
ability to speed adoption of practices to adapt to climate change
by farmers, technicians and decision takers and was designed to
be improved over time. Also, the knowledge base contains technology that it has been generated through research within INIFAP
through many years and it is a good way to transferring the technology to primary users. Other institutions that have developed agricultural technology may provide of information through the process
described in this paper widening the database and triggering it
use. In this fashion, the knowledge base is can be improved indeﬁnitely. The model and the linked knowledge base may be cataloged
as a technical computational guide following the outcomes of a
stochastic soil water balance for decision support on dry lands in
Mexico. While the knowledge base is being completed (32 states
with technical recommendations for 6 crops and an undeﬁned number of potential crops), the system is calibrated already for the state
of Durango for maize and the knowledge base may be consulted in:
https://clientes.bmsolutionsalamedida.com/sagarpa/verelementos.
aspx. When consulting the site, choose the state of Durango and
maize (maiz) to see the available technology for that crop. The computer model is in its standalone version with a link to the knowledge
base as explained within the paper. The executable ﬁle of the computer program will be provided upon request to the authors.
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Further reading
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