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A B S T R A C T   

Rainwater penetration on building façades has a significant impact on the durability, hygrothermal performance, 
and habitability of buildings. This research characterises the directional exposure of Mexican façades to rain-
water penetration by identifying wind-driven rain (WDR) and driving rain wind pressure (DRWP) throughout the 
country. For this purpose, climatic datasets of daily resolution gathered at 527 weather stations between 2003 
and 2018 were analysed. As a result, isopleth maps of annual scalar values of WDR, DRWP, and the approximate 
orientation of their directional maxima were produced. The joint risk of rainwater penetration (defined by both 
factors) and the applicability of novel extrapolation that estimates the maximum directional exposures anywhere 
in Mexico from scalar results are also discussed. Additionally, the influence of certain tropical cyclones on the 
exposure was characterised, leading to the identification of preliminary patterns associated with these temporary 
WDR and DRWP exposures. Such extreme climatic events can cause, in a short interval of time, as much WDR as 
that occurring during the rest of the year and DRWP that is 2–5 times higher than the mean annual value. In 
general, the highest level of hazard of rainwater penetration on façades was identified west of the Isthmus of 
Tehuantepec and on the coast of the state of Veracruz.   

1. Introduction 

Throughout its vast territory (1,964,375 km2), Mexico presents 
pronounced climatic and topographical variability with large areas that 
are seasonally subjected to extreme precipitation and wind (e.g. tropical 
cyclones) [1,2]. Despite this, the country lacks characterisation of 
rainwater penetration risk for its façades; consequently, applicable 
building codes and design standards have significant improvement po-
tential [3]. 

It is well known that water ingress into façades has a significant 
impact on the energy consumption of buildings, reduces the durability of 
construction materials, and affects the health of inhabitants [4–9]. This 
penetration occurs when rainwater runoff overcomes the pressure 
thresholds of surface tension and capillary pressure of the water con-
tained in the porous construction materials [10,11]. For this, a combi-
nation of two atmospheric phenomena is necessary: rainwater supply 
impacting the façade surface (wind-driven rain or WDR) and the 
simultaneous action of the wind pressure on surface water runoff 

(driving rain wind pressure or DRWP) [11–14]. 
For the first time in Mexico, the scalar and directional values of WDR 

and DRWP were determined by semi-empirical methods to characterise 
the exposure distribution throughout the territory, analysing available 
daily datasets of rainfall and wind velocity gathered in 527 automatic 
weather stations from 2003 to 2018. Moreover, both phenomena were 
combined into a single index to determine the comparative risk of water 
penetration by the location [14,15]. Based on the isopleth maps pro-
duced from the WDR and DRWP scalar results, further extrapolation 
could functionally estimate the maximum directional values at any site 
of the territory [16]. 

Finally, some notable tropical cyclones that occurred during the 
studied interval were selected. Their specific contribution to the annual 
values of WDR and DRWP was analysed at locations that were on their 
path. Thus, preliminary patterns concerning the temporary exposures 
caused by this type of extreme climatic events were identified. 

Such a comprehensive analysis will enable to replace the current 
generic design requirements for Mexican façades with performance- 
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based requirements throughout the country. In addition, the charac-
terisation of the Mexican territory is particularly interesting given the 
high altitude of many populated areas (e.g. Mexico City is located at 
more than 2,000 m above sea level) and the recurrence of extreme cli-
matic events [1,2,17]. 

2. Background 

The characterisation of WDR and DRWP can be mainly performed 
with (i) experimental measurements, (ii) applying numerical methods 
based on computational fluid dynamics, and (iii) by means of semi- 
empirical approaches [18,19]. The first two procedures can be 
resource-intensive (in terms of time, instrumentation, or calculation 
effort) and are mostly applicable to specific local contexts [20,21]. In 
turn, semi-empirical approaches use climatic records available from 
weather stations, allowing a functional characterisation in large areas 
and under assorted weather conditions (although less accurate than the 
prior methods). Therefore, many semi-empirical studies have recently 
been developed as a preliminary step to define improved design re-
quirements for façade watertightness in different regions [14,15,22–27]. 

The semi-empirical approaches for calculating wind-driven rain are 
based on the overall ‘WDR relationship’ proposed by Lacy and Shellard 
[28], which allows estimating the rainfall deflected by the wind that 
passes through a vertical plane in free-field conditions. This relationship 
can be obtained by multiplying simultaneous records of rainfall intensity 
Rh (l/m2) and wind speed U (m/s), and it is adjusted by a variable 
empirical coefficient k (s/m), which is inversely related to the terminal 
falling speed of raindrops (Eq. (1)) [29]. Then, the directional value of 
wind-driven rain WDRθ (l/m2) can be determined by adding a cosine 
projection that considers the simultaneous record of wind direction D (◦) 
and the orientation of the analysed façade θ (◦). 

WDRθ = k ⋅ U ⋅ Rh⋅cos(D − θ) (1) 

For decades, the most widespread application of the WDR relation-
ship has been the so-called Driving Rain Index (DRI), because (i) it ig-
nores the indeterminacy caused by the empirical coefficient k, which can 
vary between 0.1 and 0.5 s/m according to climatic conditions, and (ii) 
it allows the use of varied climatic records unlike more accurate ap-
proaches, such as the one stablished by standard ISO 15927–3 (requiring 
long series of hourly records, which are unavailable in many regions) 
[28–30]. This index (Eq. (2)) offers a representative characterisation of 
the annual WDR (aDRIθ) (m2/s) that is comparable between different 
locations and can be calculated from the climatic records commonly 
gathered at any site over N years. In the summation are only considered 
the m recording intervals in which the wind direction D (◦) affects the 
analysed façade orientation θ (◦) (i.e. cosine projections with positive 
values). Despite the frequent use of monthly and annual records to 
produce regional exposure maps (maDRI and aaDRI, respectively), a 
recent study has shown the significance of using at least daily records to 
ensure adequate accuracy (i.e. daDRIθ) [31]. 

daDRIθ =

∑m

i=1
Ui⋅

(
Rh i
1000

)

⋅cos(Di − θ)

N
(2) 

This functional index could also be adjusted by considering generic 
coefficients k as well as ‘wall indices’ that represent the topography and 
surroundings of each specific façade, in a similar way the standard ISO 
15927-3 suggests. All these characteristics, in addition to the possibility 
of omitting the cosine factor to obtain scalar results, explain the wide-
spread acceptance of this index in WDR studies [14,15,18,22–27]. 

Furthermore, the characterisation of the DRWPθ exposure (Pa) is 
generally based on Bernoulli’s equation (Eq. (3)), where ρair represents 
the air density (normally 1.2 kg/m3) and Cp (− ) is the pressure coeffi-
cient (usually set at 1). The summation only considers the available p 
wind speed records U (m/s) gathered during the analysed period that are 
simultaneous to precipitation (p ≤ m; see Eqs. (2) and (3)) and also 

impact the façade orientation analysed (again, only cosine projections 
with positive values). These distinctive features prevent the direct use of 
mean wind pressure values as DRWP, making necessary a specific 
analysis of simultaneous climatic records for every possible façade 
orientation. 

dDRWPθ =

∑p

i=1
Cp⋅1

2⋅ρair i⋅U2
i ⋅cos(Di − θ)

k
(3) 

Records of different resolutions can also be used (e.g. monthly and 
yearly); however, for the DRWP, even daily data can cause non- 
negligible errors (i.e. in dDRWPθ) [31]. In this way, the accuracy of 
this directional characterisation is limited by the daily climatic records 
available in each region. 

Although studies of DRWP have not received as much attention as 
those of WDR, its key importance for rainwater penetration processes is 
recognised by all standardised watertightness tests for building façades 
[12,32]. In general, the smaller the size of pores, defects, and cracks on 
the façade surface, the more relevant the DRWP is to promote water 
progression [10,33]. Consequently, its study receives increasing atten-
tion [10,13–15,34]. 

In any case, neither of the indices can completely characterise the 
risk of rainwater penetration into building façades; this penetration can 
be produced by the combination of both high WDR - low DRWP values 
and low WDR - high DRWP values, depending on the characteristics of 
the construction materials. In addition, the aDRI and DRWP indices 
cannot be directly added or averaged, as they do not represent compa-
rable physical magnitudes. 

To characterise the joint risk represented by these factors, a func-
tional approach is achieved by using the risk index of water penetration 
(RIWP), which combines normalised values of these indices in the set of 
analysed locations [14,15,26]. Scalar exposures are used to calculate the 
normalised values (removing the cosine projection component of Eqs. 
(2) and (3)), allowing a single risk characterisation by the location. 
Hence, this index generically represents the joint severity of the climatic 
conditions at each site, making it possible to compare the overall risk of 
rainwater penetration of each studied location regarding the other sites 
included in the sample (Eq. (4)). 

RIWPj =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

α⋅
(
aDRInormalised j

)2
+ β⋅

(
DRWPnormalised j

)2
√

(4) 

The normalised indices aDRInormalised and DRWPnormalised adopt a 
value between 0 and 1, depending on the scalar exposure of each site j in 
relation to the maximum and minimum values within the studied region 
(Eqs. (5) and (6)). As a result, the RIWP (− ) is higher at locations with 
increased combined exposures, ranging from 0 to √2. 

aDRInormalised j =
aDRI j − aDRImin

aDRImax − aDRImin
(5)  

DRWP normalised j =
DRWP j − DRWPmin

DRWPmax − DRWPmin
(6) 

The weighting coefficients α and β may be used to represent the 
relative influence of WDR and DRWP in the penetration process, thereby 
adjusting the RIWP results for different purposes (e.g. heritage policies 
and normative actions for new buildings). For a non-specific purpose, as 
the one addressed in this work (i.e. deteriorated and new building fa-
çades with variable pore sizes, cracks, and defects in the surface fin-
ishes), a value equal to 1 for α and β can be adopted considering an equal 
influence of both factors on rainwater penetration. This characterisation 
could be refined in the future by defining proper weights for different 
situations. 

A directional analysis of WDR and DRWP for 527 weather stations in 
Mexico is presented in Section 3. For this, daily record series associated 
with periods of 5–12 years of duration were considered. There is 
noticeable variation of characterisation between Mexican states, both in 
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number of weather stations and in years of available data; therefore, to 
the authors’ knowledge, the obtained results (i.e. daDRI, daDRIθ, 
dDRWP, and DRWPθ) represent the most ambitious study addressed so 
far in Mexico in this regard. The resulting isopleth maps provide, for the 
first time, a view of the exposure to rainwater penetration into building 
façades throughout the country. 

In Section 4 is exposed a combination of those maps with a recent 
approach that functionally estimates the most unfavourable directional 
value from scalar values. This allows directional characterisation 
throughout the country (not only at the 527 sites analysed here) [19]. 
The overall risk of rainwater penetration by combining the WDR and 
DRWP exposures (i.e. RIWP) is also analysed. Finally, the temporary 
WDR and DRWP values caused by extreme climatic events (i.e. some 
representative tropical cyclones) were also analysed, providing pre-
liminary patterns that can complement the annual characterisation to be 
considered for the façade design against rainwater. 

3. Characterisation of directional WDR and DRWP values in 
Mexico 

In this study, the exposure to rainwater penetration in Mexican fa-
çades was assessed from simultaneous daily datasets of rainfall intensity 
and wind velocity (speed and direction) that were provided by official 
Mexican organisations for the interval between 2003 and 2018 [35,36]. 
The analysis of weather stations having less than 5 years of available 
data has been discarded. In addition, the analysed period (greater than 
or equal to 5 years) must present less than 15% of missing data, for 
which those complete years that prevent reaching this threshold have 
been also discarded. The mean value of suitable data in the selected 
stations reached 94.7% (see Table 1 and the supplementary material). 

A result of this screening protocol, which intends to ensure certain 
representativeness of the results obtained, is that the characterisation of 
the country has been heterogeneous. The centre of Mexico, which is 
highly populated and therefore of great interest for the assessment of 
façade exposure conditions, has been exhaustively characterised. In 
contrast, the peninsulas of Baja California and Yucatán as well as the 
states of Nayarit, Jalisco, Michoacán, and Guerrero have considerably 
fewer weather stations that reach the acceptance thresholds. The 
selected and analysed weather stations (527 in total, 1 site per 3,727 
km2 on average, which would be equivalent to one station in the centre 
of a 61 × 61 km square) were located near population centres and 
agricultural holdings, complying with the requirements established by 
the World Meteorological Organization for the recording of climatic 
data (adequate elevation of the anemometer and location in open field) 
[37]. 

The altitudes of the selected locations ranged from 1 m (Pozo Peña 
station, Baja California Sur) to 2,733 m (El Vergel station, Chihuahua) 
with an average of 1,074 m above sea level. These high altitudes are 
typical of the Mexican territory, characterised by large mountain ranges 
that cover most of the country (Fig. 1). The Sierra Madre Occidental 
(along the coast of the Gulf of California) and the Sierra Madre Oriental 
(along the coast of the Gulf of Mexico) stand out for their range. Between 

them is located an extensive plateau with increasing altitude from the 
northern border of Mexico (around 800 m) to the south, extending to the 
Trans-Mexican Volcanic Belt. This volcanic mountain range crosses the 
centre of the country from coast to coast, including the highest eleva-
tions of Mexico (Pico de Orizaba, 5,610 m; Popocatépetl, 5,500 m) as 
well as the largest urban concentrations (almost 22 million people live 
only in Greater Mexico City, ignoring irregular settlements). Smaller 
mountain ranges, such as the Sierra Madre del Sur (Guerrero and Oaxaca 
states, reaching 3,710 m) and the Sierra Madre de Chiapas (Tacaná 
volcano, 4,080 m) are found farther southeast and are separated by the 
Isthmus of Tehuantepec. Only in the broad coastal plains of the Gulf of 
Mexico (Tamaulipas, Veracruz, and the Yucatán Peninsula) and on the 
coast around the Gulf of California, the altitude is lower than 1,000 m. 

This mountainous topography, mainly volcanic, has a great influence 
on the climate, reducing rainfall far from the coast and modifying the 
prevailing winds in each region (also the directional values of WDR and 
DRWP). The climate of the country is characterised by its great variety, 
and three large zones can be distinguished (Fig. 1): the north, charac-
terised by deserts, steppes, and Mediterranean climates; the Atlantic and 
Pacific coast south of the Tropic of Cancer, with tropical climates; and 
the centre of the country (Trans-Mexican Volcanic Belt and Sierra Madre 
del Sur) characterised by humid, subtropical, and oceanic climates. 

In general, the mean annual rainfall matches this climatic distribu-
tion, presenting values in northern Mexico that range from less than 100 
l/m2⋅yr (Baja California Peninsula) to almost 600 l/m2⋅yr (mountainous 
areas of the Sierra Madre Occidental and Sierra Madre Oriental) and 
progressively increases toward the coasts and southeast of the country, 
reaching up to 4,000 l/m2⋅yr around the Isthmus of Tehuantepec (states 
of Veracruz, Oaxaca, Tabasco, and Chiapas) [1]. In turn, the highest 
wind speeds were identified in exposed coastal areas (Michoacán, 
Tamaulipas, Veracruz, and southern Baja California Peninsula) as well 
as in the plains of the Yucatán Peninsula and in the centre of the country 
(in this case due to the higher altitude). 

In addition, broad regions of Mexico are subject to the seasonal 
passage of extreme atmospheric events such as tropical cyclones. These 
occur when large masses of warm and humid air develop around areas of 
low pressure over the Atlantic and Pacific oceans, favoured by the high 
water temperature (Caribbean and North Equatorial warm currents) and 
by rotating winds around latitudes 5◦-15◦ N. Their peak of activity oc-
curs between August and September, with paths from east to west (due 
to the action of the trade winds), which lead them to impact on both 
coasts of the country [2,39]. 

These tropical cyclones significantly increase the annual value of 
WDR and DRWP and define the maximum temporary exposure that the 
Mexican building façades must resist [40]. Some of the most hazardous 
events within the studied period (according to the Saffir-Simpson scale) 
were considered for further analysis as explained in Section 4.2: Dean 
(August 2007), Alex (June 2010), Karl (September 2010), and Odile 
(September 2014) [41,42]. 

3.1. WDR and DRWP results 

The scalar daDRI and dDRWP values in the 527 locations (i.e. mean 
annual values) were calculated using Eqs. (2) and (3) by eliminating the 
cosine term from the formulation. In addition, a directional analysis was 
performed by discretising the possible façade orientations θ at 15◦ in-
tervals. As a result, 24 directional values of mean annual exposure were 
obtained at each weather station (i.e. daDRIθ and dDRWPθ values). Ta-
bles 2 and 3 show the sites characterised by higher scalar values, also 
presenting the maximum directional value of each location and the 
orientation of the façade on which it occurs. For clarity, the full list of 
results by the location is provided in the supplementary material of this 
paper. 

To facilitate the analysis of these results, the scalar values obtained at 
the 527 locations were linearly interpolated on the basis of a triangle 
mesh, thus producing smoothed isopleths of exposure. The resulting 

Table 1 
General overview of the analysed weather stations.  

Years of available 
data 

Number of 
stations 

Avg. altitude 
(m) 

Avg. missing data 
(%) 

5 137 453 5.85 
6 86 1,160 6.06 
7 87 881 6.63 
8 56 1,067 6.27 
9 48 1,381 4.46 
10 88 1,889 2.26 
11 23 1,431 5.29 
12 2 1,122 4.46 

Mexican stations 527 1,074 5.30  
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maps allow the identification of scalar daDRI and dDRWP values any-
where in Mexico as well as the analysis of their geographical distribution 
throughout the territory (see Figs. 2 and 3). 

By analysing the mean annual WDR values, the most exposed areas 
were identified in the states of Veracruz and Oaxaca, especially in the 
plain between the Trans-Mexican Volcanic Belt, the Sierra Madre del 
Sur, and the Isthmus of Tehuantepec (see Table 2 and Fig. 2 -at the top-). 
This area combines strong coastal winds and high rainfall, which diverts 
a large amount of rainwater to the vertical surface of the building fa-
çades. Moderate values were identified in specific zones of the main 

mountain ranges of the country as well as in the highest areas of the 
Yucatán Peninsula. However, most of the country is characterised by 
daDRI values that are usually less than 2 m2/s. The relationship between 
rainfall and WDR is not reliable, since, for example, the states of Chiapas 
and Tabasco do not present considerable WDR values. This fact high-
lights the need for conducting specific WDR studies (like the one pre-
sented here) and rejecting design requirements based on generic 
climatic and rainfall maps [3]. 

Fig. 2 (bottom) represents the orientation of the façades most 
exposed to the WDR throughout the territory. The map was obtained by 

Fig. 1. Top: Hypsometric map of Mexico, Bottom: Köppen-Geiger climate classification map [38].  

Table 2 
Weather stations with the highest WDR values (scalar daDRI higher than 5 m2/s).  

Weather staton (state) Latitude 
(DD) 

Longitude 
(DD) 

Altitude (m) Data range and missing data 
(%) 

daDRI (m2/ 
s) 

Max. daDRIθ (m2/ 
s) 

Orientation of max. (◦) 

La Mina (Oaxaca) − 96.109 17.978 20 2008/14 (9.82) 22.52 15.48 300 
La Posta (Veracruz) − 96.329 19.319 7 2008/15 (6.95) 14.20 10.55 0 
Amatitlan (Veracruz) − 95.713 18.485 612 2009/16 (13.53) 12.34 6.47 255 
Cerro Chango (Oaxaca) − 96.285 18.175 35 2008/13 (6.79) 8.05 5.27 270 
La Granja (Veracruz) − 96.241 18.382 40 2010/16 (10.46) 7.80 7.31 15 
El Porvenir (Oaxaca) − 95.314 17.451 111 2008/14 (10.10) 7.04 6.42 315 
S. Nicolás (Veracruz) − 96.901 18.790 300 2008/15 (5.71) 6.86 3.99 300 
El Progreso (Oaxaca) − 95.549 17.526 440 2008/14 (10.23) 6.61 5.17 270 
Loma Bonita (Oaxaca) − 95.849 17.981 72 2008/14 (5.68) 6.36 5.97 315 
Úrsula Gaván (Veracruz) − 96.358 19.414 13 2007/14 (9.67) 5.87 4.14 345 
Ignacio Palotal 

(Veracruz) 
− 96.272 18.942 29 2008/15 (7.01) 5.66 3.58 15 

Mundo Nuevo (Oaxaca) − 96.145 18.121 20 2008/15 (7.40) 5.41 3.58 270 
El Tomatal (Oaxaca) − 96.940 15.797 48 2012/16 (10.25) 5.14 3.35 15 
La Tee (Quintana Roo) − 88.527 18.534 31 2009/13 (4.65) 5.00 4.16 45 

Angles are measured in degrees from the north. 
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interpolating linearly the orientation of maximum exposure identified in 
the 527 stations within a triangle mesh, discretised, for clarity, in only 
four orientations: northeast (0-90◦ from the north), southeast (90-180◦), 
southwest (190-270◦), and northwest (270-360◦). As can be observed, 
there is greater variability in mountainous areas due to the complex 
topography and its interaction with the prevailing winds during pre-
cipitation events. In a quite simplified way, it is possible to distinguish 
maximum exposures of the east of the country (with maximum values 
predominantly coming from the northwest and northeast) from those in 
the west (where maximum exposures coming from the southeast and 
southwest are common). 

The areas characterised by high DRWP values are located in the 
states of Veracruz (south of the Tamiahua Lagoon), Puebla, and Oaxaca 
(southern part of this state), especially near the coasts (Table 3 and Fig. 3 
[top]). These results are consistent with the persistence of strong coastal 
winds and with the frequent impact of tropical cyclones. Other areas, 
such as the surroundings of the Cumbres de Majalca National Park 
(Chihuahua), also presented notable DRWP values. However, most of 
the country presents wind speed values (simultaneous to the precipita-
tion) that are not prominent, with annual mean DRWP values lower than 
5 Pa. 

As can be observed in Fig. 3 (bottom), the orientation of the most 
exposed façades to DRWP varies notably throughout the country, 
especially in the mountain ranges. In general, on the Pacific coast, the 
maximum exposures predominate on northeast- and southeast-facing 
façades, whereas on the Atlantic coast, façades facing northwest and 
northeast tend to be the most exposed. Specifically, northwest-facing 
façades in the north coast of the Isthmus of Tehuantepec, northern 
Tamaulipas, and the most exposed coastal areas of the Yucatán and Baja 
California peninsulas present maximum exposures. 

4. Discussion 

A recent study, in which Mexican climatic data have also been 
considered, showed that it is possible to estimate with reasonable ac-
curacy the maximum directional values of WDR and DRWP from the 
scalar values associated with each location [16]. Both daDRI and dDRWP 
scalar values can be obtained without significant calculation efforts even 
at sites without wind direction records; this enables a simpler and more 
accessible characterisation of maximum directional exposure for the 
entire country. 

Owing to functional and economic considerations, it is common for 
all façade orientations of a building to incorporate a common 
constructive solution. Usually, only the thickness of the thermal insu-
lation and the size/disposition of the openings vary according to the 
façade orientation [43]. This means that only the directional exposure 
value of the most unfavourable orientation is relevant for the design of 

façades against rainwater penetration (regardless of what this orienta-
tion is). 

Fig. 4 shows the best-fit relationships between the scalar and 
maximum directional values for both the WDR and DRWP (black lines). 
The high coefficients of determination R2 reveal a strong correlation 
between these magnitudes despite the wide variety of climates, alti-
tudes, and geographic surroundings represented by the 527 weather 
stations [44]. Given that this study incorporates a greater number of 
Mexican locations (also rejecting weather stations with less than five 
years of data), both best-fit relationships are slightly more accurate and 
representative than those identified in the previously mentioned study 
[16]. These relationships are also similar to those identified in Spain, 
Norway, and Chile (dotted lines) [16,26] and can be refined to obtain 
more specific relationships (e.g. by Mexican state) by considering only 
the weather stations of each state (see the supplementary material). For 
both WDR and DRWP, the errors remained below 20% in most locations 
(shaded zones in Fig. 4). Large percentage errors can be identified in 
some stations with moderate and low exposure, although the quantita-
tive error also becomes less significant as the exposure value decreases. 

The goodness-of-fit (R2 = 0.94 for WDR and 0.98 for DRWP) gua-
rantees the accuracy of these general formulae for estimating, in a 
functional way, the most unfavourable directional exposure from the 
scalar maps presented in Figs. 2 and 3. In addition, when combining this 
estimation with the orientation maps (at the bottom of both figures), it is 
possible to identify unfavourable façade orientations anywhere in the 
country. Together, these results provide a simple, reliable, and 
comprehensive tool for the design of Mexican building façades against 
rainwater penetration. 

4.1. Combined exposure and rainwater penetration 

The RIWP calculated with Eqs. (4)–(6) allows characterising the joint 
contribution of both the WDR and DRWP to rainwater penetration as 
well as comparing this combined exposure for the different sites. Table 4 
shows the Mexican weather stations subjected to the most unfavourable 
combined conditions, generically considering α and β values equal to 1 
(see Eq. (4)). 

As can be seen, the façades under the highest joint exposure are 
located in the states of Veracruz and Oaxaca, suggesting their need to 
establish more demanding watertightness design requirements. It is 
worth noting how the two most exposed locations present very different 
characteristics: In La Granja (Veracruz), the most determining factor is 
the high wind speed simultaneous to precipitation, whereas in La Mina 
(Oaxaca), it is the high rainwater supply on the façades. 

The partial contribution of each factor can be seen in Fig. 5 (bottom), 
where the RIWP value corresponds to the distance from the site (points) 
to the origin and the greatest influence of one or the other factor, to its 

Table 3 
Weather stations with the highest DRWP values (scalar dDRWP higher than 30 Pa).  

Weather staton (state) Latitude 
(DD) 

Longitude 
(DD) 

Altitude 
(m) 

Data range and missing data 
(%) 

dDRWP 
(Pa) 

Max. dDRWPθ 

(Pa) 
Orientation of max. 
(◦) 

La Granja (Veracruz) − 96.241 18.382 40 2010/16 (10.46) 181.63 211.78 30 
Álamo (Veracruz) − 97.680 20.934 53 2008/13 (14.30) 167.39 219.47 0/360 
La Posta (Veracruz) − 96.329 19.319 7 2008/15 (6.95) 122.40 147.18 195 
La Conquista (Veracruz) − 96.379 19.293 58 2008/14 (7.45) 67.97 62.61 180 
El Tomatal (Oaxaca) − 96.940 15.797 48 2012/16 (10.25) 52.14 42.83 45 
Tlacolula (Veracruz) − 97.948 21.091 520 2009/14 (14.83) 47.84 59.31 15 
La Mina (Oaxaca) − 96.109 17.978 20 2008/14 (9.82) 45.56 40.51 15 
Tepeaca (Puebla) − 97.901 18.989 2235 2006/13 (6.18) 43.58 39.05 90 
Tabacalera Turrent 

(Veracruz) 
− 95.134 18.429 420 2007/15 (8.55) 41.36 41.36 255 

Úrsula Gaván (Veracruz) − 96.358 19.414 13 2007/14 (9.67) 39.12 34.66 180 
Amatitlan (Veracruz) − 95.713 18.485 612 2009/16 (13.53) 34.46 40.24 195 
Rodríguez Clara (Veracruz) − 95.329 17.995 97 2007/15 (7.90) 34.19 35.85 330 
Rancho Alfonso (Puebla) − 97.403 19.308 2373 2006/11 (4.98) 32.70 26.13 330 

Angles are measured in degrees from the north. 
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position with respect to the bisector. Although a limited number of lo-
cations present a comparatively high risk, most of the points are 
concentrated near the origin (i.e. low RIWP values). Only six of the 527 
stations (1.14%) had RIWP values higher than 0.4. This is a much lower 
value than that identified in countries, such as Brazil (41%), Chile 

(45%), and Spain (15%) [14,26,45]. These demonstrate a clear 
distinction between a minority of sites that are subjected to a great 
relative risk of rainwater penetration (especially in the states of Vera-
cruz and Oaxaca) and a vast majority of locations that are subjected to 
very low exposures (just comparing the exposures relative to the 527 

Fig. 2. Top: daDRI isopleth map of Mexico (from daily records gathered between 2003 and 2018), Bottom: Orientation of the most exposed façades.  
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stations analysed throughout the country). 
In addition, in most locations, the main risk factor corresponds to the 

high rainwater supply on the façades (points shown below the bisector 
in Fig. 5). Consequently, deteriorated or insufficiently maintained 
buildings are the most vulnerable to this penetration (the existence of 

openings and cracks larger than 5 mm allows the ingress of rainwater 
even without significant DRWP values) [10]. Only in some areas 
(especially in Veracruz), new buildings or those with surface de-
ficiencies of less than 1 mm could present rainwater penetration prob-
lems caused by high wind pressures concurrent with precipitation 

Fig. 3. Top: dDRWP isopleth map of Mexico (from daily records gathered between 2003 and 2018), Bottom: Orientation of the most exposed façades.  
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events. 
This analysis of this joint exposure was complemented by the graphic 

representation of its territorial distribution as shown in Fig. 5 (top). As 
expected, most regions have combined WDR-DRWP values that are 

much lower than those of northern Sierra Madre del Sur. Thus, the 
greatest risk was identified in the plains of the state of Veracruz, the 
northern foothills of the aforementioned Sierra (within the state of 
Oaxaca), and in the easternmost zone of the Trans-Mexican Volcanic 

Fig. 4. Best-fit relationship between scalar and maximum directional values for the analysed locations.  

Table 4 
Weather stations with a RIWP value higher than 0.3.  

Weather staton (state) Latitude (DD) Longitude (DD) Altitude (m) Data range and missing data (%) daDRI (m2/s) dDRWP (Pa) RIWP value (− ) 

La Granja (Veracruz) − 96.241 18.382 40 2010/16 (10.46) 7.80 181.63 1.06 
La Mina (Oaxaca) − 96.109 17.978 20 2008/14 (9.82) 22.52 45.56 1.03 
Álamo (Veracruz) − 97.680 20.934 53 2008/13 (14.30) 4.04 167.39 0.94 
La Posta (Veracruz) − 96.329 19.319 7 2008/15 (6.95) 14.20 122.40 0.92 
Amatitlan (Veracruz) − 95.713 18.485 612 2009/16 (13.53) 12.34 34.46 0.58 
La Conquista (Veracruz) − 96.379 19.293 58 2008/14 (7.45) 3.80 67.97 0.41 
El Tomatal (Oaxaca) − 96.940 15.797 48 2012/16 (10.25) 5.14 52.14 0.37 
Cerro Chango (Oaxaca) − 96.285 18.175 35 2008/13 (6.79) 8.05 10.23 0.36 
Úrsula Gaván (Veracruz) − 96.358 19.414 13 2007/14 (9.67) 5.87 39.12 0.34 
S. Nicolás (Veracruz) − 96.901 18.790 300 2008/15 (5.71) 6.86 22.76 0.33 
Loma Bonita (Oaxaca) − 95.849 17.981 72 2008/14 (5.68) 6.36 27.97 0.32 
El Porvenir (Oaxaca) − 95.314 17.451 111 2008/14 (10.10) 7.04 13.89 0.32 
Tepeaca (Puebla) − 97.901 18.989 2235 2006/13 (6.18) 4.16 43.58 0.30  
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Fig. 5. Top: RIWP isopleth map of Mexico (the 527 sites analysed are shown by crosses), Bottom: RIWP scheme for the analysed locations.  
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Belt. 

4.2. Temporary exposures caused by tropical cyclones 

Although rainwater penetration on façades occurs throughout the 
year, this process intensifies during specific intervals of sustained and 
high exposure to WDR and DRWP. During these wetting intervals, nor-
mally associated with the passage of low-pressure areas, the water 
supply can greatly exceed the evaporation loss causing a temporary 
exposure that is not represented by the mean annual values [25,30,46]. 

The most unfavourable wetting intervals that the Mexican building 
façades must withstand occur during the seasonal passage of tropical 
cyclones. The high rainfall and wind speeds associated with these at-
mospheric events (sometimes catastrophic in nature) cause temporary 
WDR and DRWP exposures of great intensity [47,48]. As a first 
approximation, this study identified the temporary WDR and DRWP 
values in some of the stations located in the path of four tropical cy-
clones occurring within the range of available climate data (see Fig. 6). 
These cyclones encompass impacts on different latitudes and coasts of 
the country and are classified among the most intense according to the 

Fig. 6. Temporary contribution of different tropical cyclones to the daDRI and dDRWP annual values. Each map shows the path of the cyclone and the location of the 
analysed stations. 
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Saffir-Simpson scale [41,42]: 
• Tropical cyclone ‘Dean’ 
Formed on 12th August 2007 approximately 840 km west of the Cape 

Verde Islands, this cyclone travelled a total of 7,560 km during 228 h 
since 1988, it was the second hurricane of category 5 to impact Mexico, 
surpassing the destructive hurricanes ‘Kenna’ (2002) and ‘Wilma’ 
(2005) in intensity. It reached the highest category on 20th of August, 
with sustained winds of 72.2 m/s and wind gusts of up to 87.5 m/s. After 
crossing the Yucatán Peninsula (leaving moderate rainfall with maxi-
mums of 81 l/m2⋅day in Quintana Roo), the next day, its second impact 
on land occurred north of the state of Veracruz, with sustained winds of 
up to 43.1 m/s, wind gusts of 54.2 m/s, and intense rainfall of up to 212 
l/m2⋅day. 

• Tropical cyclone ‘Alex’ 
It originated on 12th June 2010 from a tropical wave in West Africa 

and moved slowly through the Intertropical Convergence Zone until 
reaching tropical storm intensity on the 26th of June, shortly before 
impacting Belize. After strengthening in the Gulf of Mexico, it reached 
category 2, a total diameter of approximately 900 km, maximum sus-
tained winds of 45.8 m/s, and gusts of 56.9 m/s. It impacted again in 
Tamaulipas on the 30th June causing rainfall records of up to 446.5 l/ 
m2⋅day in the state of Nuevo León. 

• Tropical cyclone ‘Karl’ 
During 84 h, this cyclone travelled approximately 1,470 km from its 

origin in the Northwest Caribbean Sea, reaching category 3 on 17th 

September 2010 (after crossing the Yucatán Peninsula as a tropical 
storm). Its second impact on the north coast of the state of Veracruz 
caused maximum sustained winds of 54.2 m/s, gusts of 66.7 m/s, and 
rainfall records of up to 355 l/m2⋅day. 

• Tropical cyclone ‘Odile’ 
It formed on 10th September 2014 at 385 km southwest of the city of 

Acapulco and had a total duration of 180 h and a global displacement of 
2,560 km. It impacted as a category 3 hurricane in the south of the Baja 
California Peninsula on the 14th September, causing maximum sustained 
winds of 56.9 m/s, wind gusts of 69.4 m/s, and rainfall of up to 173 l/ 
m2⋅day in the nearby state of Sonora. 

Eight meteorological stations located close to the path of each 
tropical cyclone were selected, attending to the criteria of continuity of 
the climatic data available during the event, distance variety from the 
eye of the hurricane, and annual exposure variety. On each of these 
stations (Fig. 6), the WDR and DRWP annual values of the occurrence 
year were compared with the temporary exposures associated with the 
tropical cyclone. For the WDR, all the daDRI values within the wetting 
interval associated with the tropical cyclone were added. For this pur-
pose, a definition equivalent to that established by the standard ISO 
15927–3 was adopted: each wetting interval ends with the arrival of 96 
h without WDR [30]. For the DRWP, the maximum dDRWP value 
recorded within the wetting interval was identified and found to match 
one of the days of passage of the tropical cyclone. 

Although there is wide variability in these temporary exposures 
depending on the residual intensity of the cyclone, the location of each 
station, and the duration of the wetting interval, some general patterns 
can be identified. These extreme atmospheric events can cause WDR 
values that are equivalent to those occurring in the rest of the year. The 
highest contributions to the annual WDR were identified during the 
cyclone ‘Karl’ with an average value of 50.0% (ranging from 86.0% in 
Ixatuaco to 13.0% in La Granja station). In turn, the tropical cyclone 
‘Odile’ presented the lowest contributions to the annual WDR (24.2% on 
average), ranging from 10.8% in El Pedernal station to 39.0% in Selva 
(Sonora). 

The contribution of these extreme climatic events to the annual WDR 
is minor in locations with lower annual values and a dry climate (see the 
cyclones ‘Alex’ and ‘Odile’). This pattern, apparently counterintuitive, 
can be explained by the intensity loss of the cyclones with increasing 
latitude when moving towards the inlands of the country (i.e. the areas 
with lower annual WDR values). Thus, temporary exposures increase as 

the tropical cyclone impacts further south, both in magnitude and in its 
relative contribution to the annual WDR value of the locations. 

In turn, the peak DRWP values during these events can exceed 
several times the annual mean values in most of the stations. The highest 
temporary DRWP values occurred during the cyclone ‘Karl’ (daily peaks, 
on average, five times greater than the mean annual dDRWP). Some 
stations, such as Rancho Alfonso (Puebla), exceeded their annual mean 
value by more than 15 times during the passage of the cyclone (Fig. 6). 
However, at other stations, the peak dDRWP value was even lower than 
the annual average (La Granja and S. Javier stations). This can be 
explained by the complex interaction between the direction of the pre-
vailing winds during the cyclone and the mountainous topography 
around both stations. On average, temporary DRWP values about 3.5 
times higher than the mean annual values are identified (x3.67, specif-
ically), although much higher thresholds can also be observed given the 
variability of distances to the cyclone path, category of intensity, alti-
tude and surroundings of the weather station, etc. 

Although the passage of tropical cyclones lasts only for 2 or 3 days, 
the duration of the wetting intervals can be prolonged for several weeks 
or months depending on the climatic context of each site. The longest 
wetting interval was identified at the Ignacio Palotal station (cyclone 
‘Karl’, 134 days without 96 consecutive hours lacking WDR). The 
shortest one corresponds to the stations of S. Juan Taple (cyclone ‘Dean’) 
and El Pedernal (cyclone ‘Odile’), with a wetting interval of just 2 days. 
In general, the shortest wetting intervals were identified during the 
cyclones with higher latitude in their path (13 days on average in the 
stations analysed during the cyclone ‘Alex’ and 19 days for the cyclone 
‘Odile’) as a result of the arid climate of these regions. Conversely, 
wetting intervals of up to 48 days on average were reached in the sta-
tions analysed for the cyclone ‘Karl’ and 47 days during the cyclone 
‘Dean’ (both with paths in lower latitudes). 

This preliminary analysis of temporary exposures complements the 
previous characterisation of mean annual exposures offering for the first 
time an exhaustive characterisation of the risk of rainwater penetration 
on façades throughout Mexico. This opens the door to improving the 
building codes and façade design standards of the country and to 
establishing design requirements adjusted to the specific conditions of 
each region. 

Although this characterisation provides immediate advantages for 
practitioners, researchers, and Mexican institutions, it also opens up new 
lines of work to improve its accuracy, such as:  

• Including new scalar results from other Mexican weather stations (in 
this research, only those with wind direction records have been 
considered, a limitation that now dissipates owing to the identified 
relationships showed in Fig. 4).  

• More exhaustively characterising the states of Nayarit, Jalisco, 
Michoacán, and Guerrero, poorly represented in the previously 
accessed data.  

• Using specific correlations for each state instead of the general 
formulae shown in Fig. 4. Specific equations by state can be identi-
fied from the scalar-directional results that are tabulated in the 
supplementary material.  

• Exhaustively analysing temporary exposures by considering a 
greater number of extreme climatic events or systematically char-
acterising the WDR and DRWP values associated with all the wetting 
intervals (including those not linked to tropical cyclones). In this 
sense, the temporary WDR and DRWP exposures shown in Fig. 6 
could also be related to the average annual exposures identified at 
each location (see supplementary material), in order to propose 
general coefficients to estimate temporary exposures from the mean 
annual ones. However, authors discourage this procedure, since the 
analysis performed is still too limited to establish reliable designs 
(only preliminary patterns have been identified regarding these 
temporary exposures). 
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5. Conclusion 

This work has developed a comprehensive characterisation of the 
wind-driven rain and driving rain wind pressure that determines the risk 
of rainwater penetration into Mexican façades. By producing exhaustive 
isopleth maps that represent the scalar value of the mean annual expo-
sures, the plains of the state of Veracruz, the foothills of the Sierra Madre 
Sur near the Isthmus of Tehuantepec, and the easternmost part of the 
Trans-Mexican Volcanic Belt were identified as the most exposed areas 
of the country. However, most Mexican territory presents low annual 
exposure values. The risk of rainwater penetration in most of the loca-
tions comes mainly from the rainwater supply (given the low DRWP 
values), which can especially affect building façades with significant 
cracks, pores, and openings, what is usually present in poorly preserved 
buildings. 

Regressions that allow the functional estimation of maximum 
directional exposure anywhere in the country were obtained (on the 
basis of these scalar maps and in locations lacking wind direction re-
cords). High temporary values of WDR and DRWP were identified in the 
southern regions of Mexico due to the longer duration of the wetting 
intervals on the façades and the higher impact seasonal tropical cy-
clones. Considering some extreme climatic events, temporary WDR 
values that can concentrate up to half of the annual average exposure as 
well as peak DRWP values at least 3.5 times higher than the annual 
values were identified. 

The present results should improve the façade designs in Mexico by 
allowing the adjustment of watertightness requirements to the actual 
exposure at each site and thus minimising the grave problems currently 
associated with rainwater penetration into building envelopes. 
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[15] J.M. Pérez, J. Domínguez, E. Cano, J.J. del Coz, A. Martín, Procedure for a detailed 
territorial assessment of wind-driven rain and driving-rain wind pressure and its 
implementation to three Spanish regions, J. Wind Eng. Ind. Aerod. 128 (2014) 
76–89, https://doi.org/10.1016/j.jweia.2014.02.008. 
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