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Spatial estimation of mean temperature and precipitation
in areas of scarce meteorological information
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RESUMEN

En las regiones de relieve complejo y con escasa información meteorológica se dificulta la aplicación de 
las diferentes técnicas y modelos de interpolación numéricos para elaborar mapas de variables climáticas 
confiables, indispensables para realizar estudios de los recursos naturales, con la utilización de las nuevas 
herramientas de los sistemas de información geográfica. En este trabajo se presenta un método para la esti-
mación de la temperatura y la precipitación media anual y mensuales, tomando elementos de los métodos de 
interpolación simple complementándolo con análisis estadísticos. Para la determinación de la temperatura 
se generaron ecuaciones de regresión lineal simple relacionando la temperatura con la altura de las estacio-
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nes meteorológicas en la región de estudio, haciendo previamente una subdivisión de la zona de acuerdo a 
las condiciones de humedad y aplicando dichas ecuaciones a los modelos de elevación digital de la zona. 
La estimación de la precipitación se basó en las propuestas del método gráfico a través del análisis de los 
sistemas meteorológicos que afectan a cada una de las regiones de la zona de estudio a lo largo del año 
y en el impacto que pueden tener las barreras montañosas en el movimiento del viento. En las estaciones 
meteorologicas con información de las zonas aledañas se analizaron los valores de precipitación de acuerdo 
a su posición en el paisaje, la exposición a los vientos con humedad y el falso color que se asocia con los 
tipos y condición de la vegetación. Estos sitios fueron usados como referencia para asociar los valores de 
precipitación con sitios semejantes sin información dentro del área de estudio y posteriormente se realizó 
la interpolación usando analogías con las imágenes de falso color a las que se les superpuso un modelo de 
elevación digital para trazar las isolíneas con valores similares de precipitación.

ABSTRACT

In regions of complex relief and scarce meteorological information it becomes difficult to implement techni-
ques and models of numerical interpolation to elaborate reliable maps of climatic variables essential for the 
study of natural resources using the new tools of the geographic information systems. This paper presents 
a method for estimating annual and monthly mean values of temperature and precipitation, taking elements 
from simple interpolation methods and complementing them with some characteristics of more sophisti-
cated methods. To determine temperature, simple linear regression equations were generated associating 
temperature with altitude of weather stations in the study region, which had been previously subdivided in 
accordance with humidity conditions and then applying such equations to the area’s digital elevation model 
to obtain temperatures. The estimation of precipitation was based on the graphic method through the analysis 
of the meteorological systems that affect the regions of the study area throughout the year and considering 
the influence of mountain ridges on the movement of prevailing winds. Weather stations with data in near-
by regions were analyzed according to their position in the landscape, exposure to humid winds, and false 
color associated with vegetation types. Weather station sites were used to reference the amount of rainfall; 
interpolation was attained using analogies with satellite images of false color to which a model of digital 
elevation was incorporated to find similar conditions within the study area.

Keywords: Spatial interpolation, temperature modeling, terrain analysis, lapse rate, geographic information 
systems.

1. Introduction
In many regions of the planet it is not always possible to incorporate climatic factors into ecological 
analysis due to the scarcity of weather stations. Therefore, it becomes necessary to develop 
procedures for extrapolating a small amount of available climatic data to a whole region. The 
statistical validity of the interpolation procedure and how accurately it permits climatic variables 
to be mapped across a landscape is a critical and limiting consideration. 

Reports on climatic change (IPCC, 2001) have pointed to the importance of having a detailed 
description of current climate in the different areas in order to forecast with greater accuracy the 
impact of climatic change on terrestrial ecosystems. According to Price et al. (2000), improved 
methods of climatic data interpolation will enhance our knowledge about natural and managed 
ecosystems, including the possible effects of climatic change. 
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The development of methods to interpolate climatic data from networks of few stations has 
been the focus of several research projects (Thiessen, 1911; Peck and Brown, 1962; Schermerhorn, 
1967; Hutchinson and Bischof, 1983; Dingman et al., 1988; Phillips et al., 1992; Daly, 1994; 
Nalder and Wein, 1998; Price et al., 2000). Interpolation procedures must incorporate the effects 
of physical processes which determine the climate spatial distribution. Some authors have used 
simple procedures, which include the latitude and longitude of weather stations (MacIver and 
Whitewood, 1990) without providing estimates of the predicted error. Because of the strong 
influence of topography on temperature lapse rates and orographic rains, Hutchinson (1987) showed 
that the inclusion of elevation was critical to generating reliable data for precipitation and mean 
temperature through interpolation. 

In general, temperature patterns on the earth’s surface are determined by the combination of 
certain geographic factors which include latitude, altitude, patterns of atmospheric circulation, 
local conditions, the effect of continentality and the characteristics of ocean currents (Aguado and 
Burt, 2001). Other factors having an influence on surface temperature are exposure to the sun, the 
physical properties of the effective surface, air moisture content, the water supply of vegetation 
and the actual surface-atmosphere exchange characteristics (Wörlen et al., 1999). 

Ortiz-Solorio (1987) described three estimation methods of temperature in areas of scarce 
weather stations: standard analysis, the simple or empirical method and that of median lapse rate. 
Standard analysis implies the participation of one person with great experience in climatology that 
sets the desired value, a situation considered to be highly subjective.  The simple method estimates 
temperature as an elevation function by using a simple regression equation between these two 
variables. Finally, the median lapse rate method includes the elevation and geographical location 
of the point whose temperature will be estimated (García-Benavides, 1979).

For spatial estimations of temperature in mountainous environments, Lookinbill and Urban 
(2003) focused on a series of regression models that start with the simple elevation model and 
later incorporate more complex models which include relative radiation and the slope aspect. 
Local topography can substantially modify the relationship between elevation and temperature 
(Barry, 1992). 

Precipitation shows great spatial variation as a result of the different types and scales of the 
processes generating clouds and precipitation (Aguado and Burt, 2001). Basically, the mechanisms 
responsible for the development of clouds are surface heating and free convection, topography, 
widespread ascent due to the convergence of surface air and the uplift along weather fronts (Ahrens, 
2003). The spatial variation of precipitation is strongly influenced by local and regional factors, 
such as topography and the dominant direction of humid winds (Phillips et al., 1992).

The methods used to estimate precipitation are classified into three major groups: graphical, 
topographical, and numerical (Daly et al., 1994). Graphical methods involve the mapping of 
precipitation data, sometimes in combination with precipitation-elevation analysis, and include 
isohyets mapping (Reed and Kincer, 1917; Peck and Brown 1962) and Thiessen’s polygon estimation 
(Thiessen, 1911). Topographical methods include the correlation of point precipitation data with 
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an array of topographic and synoptic parameters such as slope, exposure, elevation, the location of 
barriers, and wind speed and direction (Spreen, 1947; Burns, 1953; Schermerhorn, 1967; Houghton, 
1979). Numerical methods have been the most commonly used in the analysis of precipitation 
distribution over the last decades. Particular attention has been given to the development of 
sophisticated statistical methods which, given certain assumptions, generate optimality criteria 
and guarantees of unbiased predictions. Some examples are optimal interpolation (Gandin, 1963), 
kriging and its variants (Phillips et al., 1992), and smoothing splines (Hutchinson and Bischof, 
1983). Several studies have compared various of these sophisticated methods to simple ones and 
among them, in the context of the areal distribution of rainfall (Creuting and Obled, 1982; Tabios 
and Salas, 1985; Phillips et al., 1992; Nalder and Wein, 1998; Price et al., 2000). This comparison 
has had surprising results. Some studies do not reveal significant differences between sophisticated 
and simple methods; others consider sophisticated methods substantially inferior to simple ones 
(Tabios and Salas, 1985), but in general statistical methods are for the most part more accurate than 
the simple methods, though not entirely satisfactory. Based on these results, Thornton et al. (1997) 
suggested that an effective, efficient interpolation method could be developed by taking elements 
from the simple methods and addressing some characteristics of the statistical methods that give 
a better performance. Daly et al. (1994) generated what can be considered a hybrid approach for 
precipitation distribution, combining geographical and statistical elements. They demonstrated this 
approach to be both more flexible and more accurate than kriging or some of its variants.  

The use of numerical methods in México has been difficult because of the country’s complex 
relief and the scantiness of weather stations, especially in mountainous regions. The previous 
procedure demands having observation points on site as elements to establish relations with the 
climatic variables for attaining an acceptable margin of reliability. In the conditions described 
above, regions with very scarce weather information, the best choice is to use simple methods. 
Although numerical methods may be marginally more appropriate, their implementation requires 
much more time and money (Price et al., 2000). 

The objective of this paper is to develop simple methodologies to estimate monthly and annual 
mean temperature and precipitation in areas with scarce weather information and complex relief. On 
this account, elements from previous proposals were selected, incorporating the use of  geographical 
information systems in the preparation of isotherm and isohyet maps. The case study was located 
in the municipality of Tepehuanes, Durango, México, characterized by huge contrasts in altitude, 
where the influence of orography on the distribution of precipitation is evident, and the humidity 
conditions of the different zones affect temperature. In addition, within its vast area only four 
communities have weather stations.  

2. Methods 
2.1 Study area 
The municipality of Tepehuanes is located in northwestern state of Durango, at 25° 12’ and 26° 25’ N 
and 105° 23’ to 106° 40’ W (Fig. 1), covering an area of 6401.5 km2. Elevations in the municipality 
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°

range from 600 to 3200 m. Topography is mostly mountainous; the territory can be divided by 
differences in climate and vegetation into four regions or strips, which are more or less parallel, 
oriented northwest to southeast (Fig. 2). The region of the Quebradas is located in the western part 
of the municipality; this area is characterized by rivers descending rapidly from the high plateaus 
of the Sierra forming canyons. The mountainous region of the Sierra Madre Occidental is divided 
into two by the region of Valleys, that emerges between the two Sierra regions. 

Fig. 1. Map of the study 
area location: Municipality 
of Tepehuanes, Durango, 
México.

Fig. 2. Model of regional di-
gital elevation and the loca-
tion of the weather stations 
used in the analysis (W = 
windward, L = leeward).

2.2 Data 
In this study, data from 41 weather stations were used (Table I). These data were obtained through 
the Rapid Extractor of Weather Information (Extractor Rápido de Información Climática-ERIC) 
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Table I. Weather stations of the study area. 

8073	 Gudalupe y Calvo *ab	 26.10	 106.97	 2516	 1961-1985
8076	 Ciudad Guerrero*ab	 25.95	 106.98	 2521	 1964-1980
8128	 San Pedro*a	 26.18	 106.62	 2570	 1970-1983
8267	 El Vergel*a	 26.50	 106.42	 2700	 1980-1990
10003	 Canelas	 25.12	 106.58	 1560	 1961-1985
10005	 El Cantil*a	 24.95	 106.27	 2035	 1963-1985
10006	 Cendradillas**b	 26.30	 106.02	 2500	 1961-1998
10007	 Ciénega de Escobar**b	 25.58	 105.67	 2144	 1965-1998
10016	 Chinacates**b	 25.02	 105.07	 2040	 1963-1998
10026	 El Tarahumar**ab	 25.63	 106.35	 2560	 1964-1997
10028	 El Palmito**b	 25.62	 105.00	 1540	 1943-1980
10029	 Guanacevi**b	 25.93	 105.97	 2230	 1940-1998
10035	 J. Salomé Acosta**b	 25.28	 105.40	 1840	 1969-1998
10037	 La Huerta**a	 25.35	 106.70	   600	 1969-1983
10038	 San Antonio**b	 26.42	 105.33	 1690	 1944-1980
10050	 Ojito de Camellones**ab	 25.07	 106.23	 2500	 1964-1985
10071	 San Miguel de Lobos**ab	 25.18	 105.98	 2400	 1961-1997
10075	 Santa María del Oro**b	 25.95	 105.33	 1700	 1976-1997
10079	 Sianori**a	 25.23	 106.77	   800	 1963-1983
10082	 Tamazula**a	 24.97	 106.98	   580	 1957-1985
10083	 Tejamen**b	 24.80	 105.13	 1980	 1988-1998
10084	 Tepehuanes**b	 25.30	 105.75	 1787	 1940-1998
10086	 Tópia**a	 25.20	 106.57	 1770	 1953-1985
10087	 Vascogil**a	 25.07	 106.40	 2500	 1969-1983
10096	 La Chaparra**b	 25.03	 105.65	 2600	 1969-1983
10100	 Santiago Papasquiaro**b	 25.03	 105.43	 1740	 1940-1998
10121	 Los Altares**ab	 25.00	 105.87	 2690	 1973-1983
10122	 San Diego**a	 24.88	 106.13	 1540	 1973-1983
10138	 San Bernardo**b	 25.97	 105.55	 1687	 1977-1998
10141	 Canutillo**b	 26.37	 105.35	 1660	 1979-1998
10143	 Indé**b	 25.90	 105.22	 1640	 1979-1998
10147	 El Zape**b	 25.77	 105.78	 2060	 1978-1998

Weather	 Sites	 Lat. °N	 Long. °W	 Elevation	 Observation
				       (masl)	 period

Continues in the next page.

*Weather stations of the state of Chihuahua; **Weather stations of the state of Durango; ***Weather statio-
ns of the state of Sinaloa: a = Weather stations on the Windward zone; b = Weather stations on the Leeward 
zone; ab = Weather stations on the transitional area.

version 2 (IMTA, 2000). Since only four communities in this municipality have weather information, 
it was necessary to expand geographical coverage in order to have information analogous to the 
municipality’s different climatic conditions (Fig. 2). This meant that 37 new weather stations were 
included. 
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2.3 Spatial estimation of temperature 
The process of temperature estimation and the elaboration of isotherm maps is detailed as follows:

1.	 Regionalization of the study area according to conditions that affect the temperature gradient.
	 These conditions are latitude, altitude, patterns of atmospheric circulation, local conditions, 

continental effects and characteristics of ocean currents, exposure to the sun in the regional 
mountainous systems, and air moisture content throughout the year (Ahrens, 2003).

	 For this particular study, the area was divided into two large portions: the western, or 
windward, and part of the high plateau of the mountainous region, and the leeward. The 
windward portion is affected by the humid winds of the Pacific Ocean blowing from June to 
October, known as the Mexican Monsoon (Douglas et al., 1993; Stensrud et al., 1995) and, 
in general, is more humid. The leeward portion comprises part of the high plateau, with less 
rainfall, and the valley zone which is the Tepehuanes River watershed, as well as the eastern 
side of the Sierra, which is drier (Monterroso-Rivas and Gómez-Díaz, 2003) (Fig. 2).

2.	 Selection of the meteorological stations with complete data set in the study area.
	 In the example shown here, the municipality was delimited using the regional digital elevation 

model and the four weather stations with reliable data were located within the municipal 
boundaries.

3.	 Expansion of the data collection area in order to have more data.
	 As the number of meteorological stations was not sufficient, it was necessary to increase 

coverage considering the characteristics that affect the temperature gradient defined in the 
initial delimitation of the different areas. The location and altitude of the meteorological 
stations were verified and corrections were introduced where necessary. Therefore, thirty-
seven weather stations were incorporated into the analysis.

4.	 Estimation of temperature on areas with complex landscape with simple regression equations.
	 To estimate temperature within a landscape characterized by mountains, the simple or 

10149	 General Escobedo**b	 25.50	 105.25	 1700	 1978-1998
25015	 Culiacán***a	 24.82	 107.40	     32	 1961-1997
25033	 El Varejonal***a	 25.10	 107.40	   122	 1961-1997
25041	 Guatenipa***a	 25.35	 107.23	   290	 1965-1997
25069	 Palos Blancos***a	 24.93	 107.38	     88	 1961-1988
25081	 Sanalona***a	 24.80	 107.15	   170	 1961-1998
25087	 Santa Cruz de Ayala***a	 24.50	 106.85	   200	 1961-1998
25094	 Temeapa***a	 25.65	 107.38	 1040	 1969-1987
25097	 Tecusiapa***a	 25.85	 107.38	   640	 1961-1990

Table I. Weather stations of the study area. (Continued.)
Weather	 Sites	 Lat. °N	 Long. °W	 Elevation	 Observation
				       (masl)	 period

*Weather stations of the state of Chihuahua; **Weather stations of the state of Durango; ***Weather stations of the 
state of Sinaloa: a = weather stations on the windward zone; b = weather stations on the leeward zone; ab = weather 
stations on the transitional area.
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empirical method described by Ortiz-Solorio (1989) was used. This method calculates 
regional lapse rates for each month and the annual mean, establishing simple regression 
equations between temperature and elevation. 

	 Twenty-four weather stations for the windward portion and twenty-three for the leeward 
were chosen, while six stations from the high plateau were used for both zones (Table II).  

	 For each group of stations, a simple linear regression analysis was performed, obtaining twelve 
monthly models and one annual model. To determine whether the models were satisfactory, 
the statistical estimators of each were calculated: determination coefficient (R2), standard 
error, and probability of F distribution. 

5.	 Creating isotherm maps with the simpler regression equations.
	 The simple regression models were applied to each of the areas defined above. Thus, twelve 

monthly and one annual isotherm maps had to be constructed for each area. The maps were 
drawn using a digital topographic map and the site’s digital elevation model, and detailed 
with the ArcView geographic information System (ESRI, 2004).

	 In each one of the areas in which the municipality was divided the simple regression 
models were incorporated for the monthly and annual reports to calculate the temperature 
corresponding to each interval of altitude above sea level. Temperatures calculated for the 
different altitudes within the municipality were arranged in accordance with one Celsius 
degree intervals. This procedure was applied separately to the windward and leeward portions. 
The isotherm maps were structured using an interval of one degree, starting from the lowest 
part of the territory to the highest. Polygons were established for each temperature interval, 
associated with meters above sea level of that temperature; values are expressed in whole numbers.

6.	 Isotherm maps for relatively flat areas.
	 In this study there were no flat areas, but in nearly flat areas with relatively small variations 

in altitude and with an acceptable number of meteorological stations, the monthly and annual 
isotherms maps are constructed with interpolation models such as kriging, or its variants, 
using ArcView Geographic Information System (ESRI, 2004). 

7.	 Combination of the isotherm maps of the windward and leeward portions.
	 Monthly and annual isotherm maps of the different areas were combined, making adjustments 

in the areas where temperature range values differed. In the parts with lower temperature 
values, adjustments were made by using the same temperature intervals and reducing altitude 
intervals. In the parts where temperatures were higher, with the same temperature intervals, 
altitude intervals were increased until their values matched. 

	 In this particular exercise, the monthly and annual isotherm maps of both portions were 
combined, making adjustments in the areas where temperature range values differed. The 
adjustments were made by increasing temperature ranges on the windward portion at small 
altitude differences, and on the leeward portion temperature ranges were decreased until 
their values matched. In this case, the largest difference between the temperature ranges in 
some parts of the junction zone was of two degrees.
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8.	 Digital edition of monthly and annual mean temperature maps.
	 The monthly and annual maps of temperature are kept in digital format, assigning colors to 

each of the temperature ranges, based on the Instituto Nacional de Estadística, Geografía e 
Informática (INEGI) proposal for the colors on its annual mean temperature maps of México, 
at 1:1 000 000 scale (SPP, 1981).

2.4 Elaboration of precipitation maps 
2.4.1 Mean annual isohyet maps
The process of precipitation map construction is detailed as follow:

1.	 Location of weather stations on a digital elevation model map.
	 The location of each of the weather stations must be identified geographically and the annual 

amount of rainfall reported.
2.	 Analysis of the relationship between the amount of rainfall and global and regional wind 

circulation systems.
	 For each weather station the amount of rainfall reported and its annual distribution must 

be analyzed, and a possible explanation must be given. To do this, it is necessary to have a 
general knowledge of the influence of the different meteorological systems throughout the 
year for each of the regions in which the amount of precipitation will be estimated. 

	 In this study the data from two weather stations for rainfall distribution throughout the year 
in each portion (windward and leeward) were compared. One reported the highest annual 
amount of precipitation and the other the lowest value (Fig. 3a for windward and 3b for 
leeward). It is clear that all the stations have very similar patterns of rainfall distribution. 
The rainy season is in summer, but there is also a small but significant winter rainfall. The 
summer rainfall over the windward slopes of the Sierra Madre Occidental and western high 
plateaus was associated with elements of the Monsoon of North America (Barlow et al., 
1998; Berbery, 2001; Higgins et al., 2003), specifically, the component known as the Mexican 
Monsoon (Douglas et al., 1993; Stensrud et al., 1995; Berbery, 2001; Higgins et al., 2003) 
(Fig. 3a). In this system the prevailing winds blow mainly southwest to northeast. For the 
zone of valleys and the leeward part of the municipality, the rainy season was associated 
with the influence of moisture coming from the Gulf of México (Tang and Reiter, 1984) 
as well as with the effect of the Mexican Monsoon (Fig. 3b). In this system the prevailing 
winds blow east to west. The winter rainfall in both areas was associated to the impact of 
vortexes and cold fronts (Mosiño and García, 1974), where the prevailing winds blow from 
west to east.

3.	 Analysis of impacts of the climate-modifying factors in the amount of rainfall.
	 The monthly amount of rainfall in each meteorological station must be analyzed, identifying 

the impact of the climate modifying factors, such as bodies of water, distance from the ocean, 
and orography including form of the mountain ridges, their orientation and aspect (Ahrens, 2003).
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Fig. 3. Annual rainfall distribution in two contrasting meterological stations in
a) windward and b) leeward areas.
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	 In this study, once the phenomena causing different amounts of precipitation were identified, the 
impact of orography of the areas where the weather stations were located was examined.

	 The amount of precipitation was explained as a result of the direction of moisture-carrying 
winds throughout the year, and whether they arrive directly to those areas or bypass orographic 
units that may divert them or force them to ascend and lose moisture. Other factors also 
considered were the form and dimension of the mountain ridge, slope aspect, winds conducted 
through a canyon, the shadow effect of mountain barriers and other elements that contribute 
to explaining the magnitude of the rainfall reported in areas having weather information, 
and surrounding zones. 

4.	 Search for relationships between the amount of rainfall and the color associated with 
vegetation on a false color satellite image.

	 All the meteorological stations were located in two different false color satellite images, 
one taken in the dry season and the other during the wet season. The meteorological stations 
must be situated in their place and the amount of annual rainfall reported. A relationship 
was sought between the amount of rainfall reported in each meteorological station and the 
false color associated with the natural vegetation and also with the position in the landscape, 
emphasizing the forms of the terrain and how they influence prevailing winds that carry 
rainfall-producing moisture. 

	 In this study the satellite image chart colors were reviewed to associate them with the 
vegetation and soil moisture so as to find a connection with the rainfall present in the sites 
having weather information. In general, a more intense color associated with vegetation 
was translated as a higher amount of rainfall. In this assumption, slope orientation has an 
enormous effect on soil moisture retention.  At the latitude of the study site vegetation on the 
northern slope differs considerably from that of the southern slope even when the amount 
of rainfall is the same (Fig. 4) as consequence of the amount of radiation received and its 
impact on availability of water to the vegetation (Ahrens, 2003).
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Fig. 4. False color satellite image chart (top) and digital elevation model (bottom) of
the municipality of Tepehuanes, Durango with weather stations used in the analogies.



46 J. D. Gómez et al.

5.	 Search for analogies between sites with meteorological information and areas without 
meteorological stations.

	 These analogies were established by analyzing the prevailing wind direction and the 
modifying effect of this flow by the different elements of the landscape. Tentative values of 
mean annual precipitation were assigned to sites with similar land form conditions and similar 
location relative to the direction of prevailing winds. Values must be assigned matching the 
false color associated with condition of the natural vegetation.

6.	 Drawing the isohyet map on the digital elevation model.	
	 Annual isohyets must be drawn manually on the digital elevation model based on the 

mean annual precipitation values assigned by analogy in the previous analysis and those 
values taken directly from weather stations. The process starts with the identification of the 
analogies that are easiest to locate; these, in general, correspond to the extreme values of 
precipitation. Intermediate isohyets are then drawn manually by joining the points defined 
after analyzing the effect of the different precipitation-modifying factors and the local 
circulation of winds. 

7.	 Edition of the mean annual isohyet map in digital format.
	 The manually-drawn isohyet map of annual mean precipitation was reproduced digitally 

using the ArcView Geographic Information System (ESRI, 2004), generating areas defined 
by precipitation ranges. 

2.4.2 Mean monthly isohyet maps
Monthly precipitation maps are based on the annual precipitation maps. The steps in this work are 
detailed as follows:

1.	 Estimation of mean monthly values of precipitation for each annual range of rainfall. 
	 For each of the areas, monthly precipitation data from the meteorological stations were 

previously subdivided according to the portion in which they are located (windward or 
leeward). The monthly data from the different stations located in a given area (defined by 
annual means) were averaged to obtain monthly precipitation values. 

2.	 Estimation of mean monthly precipitation ranges.
	 The mean monthly precipitation ranges for each area defined by annual ranges were assigned 

according to the variation in mean precipitation reported for each month by the different groups of 
stations. Making sure that the monthly values add up to annual range be covered proportionally 
and that the adjacent sections of the two portions have the same precipitation range. 

	 In the months of less precipitation the ranges established are narrow and in those months of 
heavy rains these ranges are considerably broader.

3.	 Estimation of proportional values of monthly precipitation.
	 The median of each monthly range was used as the estimation of monthly precipitation. It 
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was verified that the sum of the monthly precipitation estimates was within the corresponding 
annual mean precipitation range.

4.	 Correlation of mean monthly precipitation estimates and averages reported by the 
meteorological stations.

	 For each annual precipitation range a simple linear regression analysis was performed 
between the mean precipitation calculated from data obtained from the groups of weather 
stations and the median values of the monthly ranges. To determine whether the models were 
satisfactory, their statistics estimators –coefficient of determination (R2), standard error, and 
the probability of F distribution– were calculated for each linear regression model. 

5.	 Edition of the mean annual isohyet map in digital format.
	 Monthly precipitation maps were constructed using the areas delimiting annual average 

precipitation ranges using the ArcView Geographic Information System (ESRI, 2004). 

3. Results and discussion 
3.1 Isotherm maps 
Tables II and III show the results of regional temperature models with statistical diagnoses.

Table II. Simple regression models for temperature in windward region of Tepehuanes, Durango, México.

January	 T* = 21.61 - 0.0050h**	 0.96	 0.43	 485.90
February	 T   = 22.43 - 0.0057h	 0.96	 0.44	 466.13
March	 T   = 24.06 - 0.0060h	 0.93	 0.58	 290.61
April	 T   = 26.45 - 0.0059h	 0.91	 0.65	 225.20
May	 T   = 28.92 - 0.0060h	 0.90	 0.70	 203.67
June	 T   = 31.13 - 0.0059h	 0.91	 0.67	 218.55
July	 T   = 30.13 - 0.0057h	 0.92	 0.59	 259.82
August	 T   = 29.66 - 0.0056h	 0.92	 0.56	 271.35
September	 T   = 29.56 - 0.0058h	 0.94	 0.53	 333.90
October	 T   = 28.36 - 0.0064h	 0.94	 0.57	 342.61
November	 T   = 25.12 - 0.0062h	 0.94	 0.59	 313.94
December	 T   = 22.62 - 0.0060h	 0.94	 0.56	 324.41

Anual	 T   = 26.69 - 0.0059h	 0.95	 0.48	 423.85	

Month	 Models	 R2	 Standard	 F (calculated)
			   error

There was a clear difference in the study area temperature ranges between the extreme values 
on the leeward portion (Table III) as a consequence of less moisture in the air, and the smaller 
variations on the windward portion (Table III) at the same heights (Arhens, 2003).

In both cases the determination coefficients (R2) were satisfactory, above 0.9 on the windward 
and 0.8 on the leeward. The standard errors on the windward portion were in all cases below 1 °C 
(0.43 to 0.70 °C); on the leeward portion these values were higher, ranging from 0.83 to 1.47 °C. 
In both cases the calculated F distribution was considerably higher than F from tables, with a 0.001 
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level of significance. For the windward portion, F from tables was 14.4, and for the leeward it was 
15.1, which shows that the regression coefficients in the models representing elevation lapse rates 
of temperature variation are highly significant. The windward regressions are better defined and 
this is probably due to the broad elevation range used.

Table III. Simple regression models for temperature in the leeward region of Tepehuanes, Durango, México.

January	 T* = 21.65 - 0.0058h	 0.83	 1.24	 94.68
February	 T   = 26.70 - 0.0077h	 0.88	 1.35	 137.68
March	 T   = 33.04 - 0.0096h	 0.91	 1.43	 196.86
April	 T   = 36.40 - 0.0099h	 0.92	 1.37	 226.90
May	 T   = 40.55 - 0.0105h	 0.92	 1.47	 221.70
June	 T   = 41.32 - 0.0097h	 0.93	 1.29	 245.19
July	 T   = 37.89 - 0.0085h	 0.92	 1.21	 211.38
August	 T   = 35.97 - 0.0079h	 0.93	 1.06	 239.94
September	 T   = 33.35 - 0.0071h	 0.94	 0.86	 292.46
October	 T   = 31.97 - 0.0078h	 0.95	 0.83	 379.24
November	 T   = 27.46 - 0.0073h	 0.89	 1.22	 154.88
December	 T   = 24.24 - 0.0069h	 0.89	 1.13	 158.99
Anual	 T   = 32.52 - 0.0082h	 0.95	 0.94	 330.82	

Month	 Models	 R2	 Standard	 F (calculated)
			   error

            *T = Mean temperature in Celsius degrees; ** h = masl 

For the estimation of monthly and annual mean temperatures in areas of complex relief and 
scarce weather stations it is critical to establish a relationship between elevation and temperature 
variation ranges (Hutchinson, 1987). Moreover, interpolation methods must include objective 
techniques together with statistical diagnoses that have previously quantified predicted errors 
(Mackey et al., 1996). 

According to literature, in the construction of monthly and annual models it is necessary to 
delimit areas with similar temperature elevation lapse rates in each region, considering such factors 
that might affect such lapse rates, as the following: 

1.	 The modifying effect of water bodies on temperature changes  (Arhens, 2003).
2.	 Moisture conditions of the area, which are generally associated with the effect of mountain 

ridges on rainfall distribution.
	 Thus, attention is given to the effect of air moisture on the vertical temperature lapse rate, 

which is lower in humid zones (Stull, 2000; Arhens, 2003).
3.	 The orientation of mountain ridges, which separates the effect of incoming solar radiation on 

temperature (Aguado and Burt, 2001); the northern slope in subtropical regions of México 
tends to be cooler.

	 The moisture condition factor of this exercise was taken into account due to the specific 
conditions of the area under study. 
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	 There are considerable differences between the windward and leeward portions in terms 
of annual and monthly temperature lapse trends as altitude increases. On the leeward slope 
temperature lapse rates were higher than on the windward. At similar altitudes, there are 
considerable differences in mean temperature between the two portions, especially at lower 
elevations; however, as elevation increases, the temperature ranges become more similar. 
This is due to the cooling trend of humid air rising from the windward portion of the Sierra, 
which leaves part of its moisture in this zone and releases latent heat in the condensation 
of water vapor to then descend as dry air towards the region of valleys (Ahrens, 2003). The 
release of latent heat of the water vapor on the windward side warms the air, and the cooling 
rate of ascending air range diminishes. The trends in rapid temperature change with changes 
in altitude on the leeward portion can be explained by the dry adiabatic lapse rate that can 
be up to 1 °C for each 100 m (Aguado and Burt, 2001) because the air is drier than on the 
windward portion, especially during the hottest months. The elevation range of the weather 
stations on the leeward portion was between 1660 to 2690 m and, due to the high temperature 
lapse rate in each model, the hypothetical mean monthly values at sea level of the hottest 
and also driest months were very high (40.55 and 41.32 °C for May and June, respectively). 

	 Figure 5 shows the maps of monthly mean temperatures in January (5b) and May (5c) and 
Figure 5a shows the map of annual mean temperature, after combining the windward and 
leeward portions. The finest detail in the different temperature range areas is clear as a result 
of the use of the digital elevation model. 

3.2 Isohyet maps 
Figure 6 clearly shows the influence of moist winds from the Pacific Ocean on mean precipitation, 
especially on the windward portion of the Sierra, which is associated with the Mexican Monsoon 
(Douglas et al., 1993, Stensrud, et al., 1995; Berbery, 2001; Higgins et al., 2003), and the orographic 
rainshadow in the region of valleys. On the leeward portion of the Sierra it is possible to detect the 
influence of winds with a lower content of moisture which travels at a greater height from the Gulf of 
México (Barlow et al., 1998); these winds are usually associated with lower amount of precipitation.     

The relation between precipitation measured in weather stations and elevation can vary from one 
mountain to another since rainfalls are influenced by such factors as the dimension of the mountain 
barrier, slope differences and land form, mountain ridges orientation, their position in relation to 
the prevailing winds, whether winds come directly or have passed by other mountain systems, 
which side of the mountain winds rise or descend, whether they have been diverted or conducted 
through a canyon (Mosiño and García, 1974). All this makes it difficult to establish reasonable 
relationships between elevation and precipitation since there are few stations in the region registering 
the differences associated with the factors mentioned above (Daly et al., 1994). 

Due to the specific conditions of the study area -similar to a large part of the mountain regions 
in México where the lack of meteorological information is frequent- the proposed method for the 
elaboration of isohyet maps can be classified as graphic, in which an analysis was made of the 
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Table IV. Simple regression models for the monthly precipitation estimated in the windward 
area of the region of Tepehuanes, Durango, México.
Annual rates of	 Models	 R2	 Standard		 F (calculated)
 rainfall (mm)			   error	
     800-900	 Pestb =   1.68 + 0.939 Pavgc	 0.99	 2.6	 1303.1
     900-1000	 Pest  =   0.22 + 0.999 Pavg	 0.99	 3.4	 1012.8
   1000-1100	 Pest  = -5.58 + 0.955 Pavg	 0.99	 3.1	 1433.6
   1100-1200	 Pest  = -2.44 + 1.010 Pavg	 0.99	 3.5	 1419.3
   1200-1300	 Pest  = -3.52 + 1.016 Pavg	 0.98	 6.1	 522.0
   1300-1400	 Pest  =   3.89 + 0.956 Pavg	 0.99	 2.7	 2914.9
   1400-1500	 Pest  =   2.98 + 0.954 Pavg	 0.99	 5.2	 945.3
    Generala	 Pest  =   1.38 + 0.973 Pavg	 0.99	 1.4	 8180.6
a. General model developed with the monthly values of all the annual rates of rainfall.
b. Pest: estimated monthly precipitation in mm.
c. Pavg: monthly mean precipitation in mm for each group of stations within an area defined 
a particular annual rate of rainfall.

factors influencing the distribution of precipitation and of the information on the atmosphere’s 
local circulation throughout the year.  

Monthly ranges were set so that the mean precipitation estimated would fall within annual 
ranges; this was the case for most of the situations. There were few cases in which this did not 
occur due to the criterion that the larger the amount of annual precipitation, the larger the amount 
of monthly precipitation must be. 

The estimated values of monthly precipitation for each annual range were the median of the 
interval. The sum of all the estimated monthly mean precipitations was within the expected annual range.

Table IV shows the linear regression models between the statistical parameters on the windward 
portion and Table V presents those for the leeward. In both cases R2 values were satisfactory, 
above 0.96, most of them between 0.98 and 0.99. The standard errors were between 1.4 to 6.1 mm 
and from 1.0 to 7.0 mm of monthly rainfall for the windward and leeward portion, respectively. 
These are acceptable, based on the values of monthly rainfall reported in the weather stations. 
The F distribution calculated was considerably higher than F from tables with a 0.001 level of 
significance.  For the different monthly levels, F from tables was 21.0 for the general model; 11.7 
for the windward model and 11.8 for the leeward. This shows that the regression coefficients in 
models representing the relationship between the average precipitation calculated for the different 
weather stations and the value of precipitation estimated by the procedure indicated in this paper 
of the different groups of stations (by annual precipitation ranges) are highly significant. 

The monthly mean precipitation maps elaborated in accordance with the ranges established are 
presented in Figure 6b and c. They also show the great influence of orography on the distribution 
of precipitation throughout the year. 
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4. Conclusions
The methodology proposed to estimate temperature and monthly and annual mean precipitation 
in areas of complex relief and little meteorological information served to draw detailed maps of 
these variables.  

In the case of temperature, the models estimated by applying the simple method, previously 
subdividing the zone according to moisture conditions, resulted in highly satisfactory statistical 
estimators; thus, it can be concluded that the methodology fulfills its purpose. 

The application of the ArcView Geographical Information System (ESRI, 2004) provides a 
clear image of the relation between the location elevation and temperature. 

The estimation procedure for precipitation, based on the graphic method, produces detailed 
maps of this variable, although it requires considerable knowledge of local circulation of the 
atmosphere in the region throughout the year and also of the effect of orography on the processes 
causing precipitation. For the analogies established to enable the estimations, the different reports 
given by the weather stations, the specific conditions in which these stations are located and the 
vegetation reflectance shown in the false color satellite images (satellite image chart) through 
differences in colors are all essential.

The monthly precipitation estimated for each of the annual ranges established correlates highly 
with the mean precipitation obtained as averages from the stations grouped within each annual 
precipitation range on both portions of the Sierra. 

This technique has great potential in the drawing of maps of monthly and annual mean 
temperature and precipitation at local and regional level in areas with little meteorological 
information and complex relief.

Table V. Simple regression models for the monthly precipitation estimated in the leeward 
area of the region of Tepehuanes, Durango, México.
Annual rates of	 Models	 R2	 Standard	 F(calculated)
rainfall (mm)			   error			 
    400-500	 Pestb = -1.18    +  1.040 Pavgc	 0.99	 1.6	 1262.7
    500-600	 Pest  =   0.49    +  0.933 Pavg	 0.99	 1.0	 4009.4
    600-700 	 Pest  = -0.440  +  1.022 Pavg	 0.98	 3.1	 670.0
    700-800	 Pest  =   3.78    +  0.930 Pavg	 0.99	 2.1	 1700.8
    800-900	 Pest  =   1.16    +  0.977 Pavg	 0.99	 2.8	 1251.9
    900-1000	 Pest  = -6.15    +  1.104 Pavg	 0.96	 7.0	 238.9
    Generala	 Pest  = -0.102  +  0.999 Pavg	 0.98	 1.4	 3645.9
a. General model developed with the monthly values of all the annual rates of rainfall.
b. Pest: estimated monthly precipitation in mm.
c. Pavg: monthly mean precipitation in mm for each group of stations within an area defined 
a particular annual rate of rainfall.
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