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Abstract

Both semi-empirical methods and CFD simulations use real climate datasets as a basis for determining the
building facade exposure to wind-driven rain and simultaneous wind pressure. The time resolution of
these datasets and the number of variables considered (commonly rainfall intensity, wind velocity and
wind direction) determine the required calculation effort and the accuracy of the result. Omitting the wind
direction, a former article (Part | of this research) has analysed the effect of this time resolution on two
scalar exposure indices obtained by semi-empirical methods: driving-rain index (aDRI) and driving-rain
wind pressure (DRWP). However, the wind direction during precipitation events also causes significant
exposure variations between possible facade orientations. Thus, it is also necessary to clarify the influence
of the recording interval of the dataset, on the accuracy of the directional semi-empirical calculation of
aDRI and DRWP. To meet this challenge, the article examines 10-min, hourly, daily, monthly and annual
climate records collected between 2001 and 2016 at 6 Spanish locations, analysing the accuracy of the
directional exposure indices associated with each time resolution. The results show that a daily dataset
would allow identifying the most exposed orientation with an error less than 45°, However, even the
hourly datasets cause errors close to 10% in the exposure values identified on each facade orientation.
Finally, adjustment relationships that allow estimating the maximum value of directional exposure from

simple scalar indices are obtained.
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1. Introduction

The exposure of buildings to wind-driven rain (WDR) and the simultaneous action of driving-rain wind-
pressure (DRWP), allows rainwater to impinge facades, to overcome the surface tension and capillary
pressure of the water contained in pores and deficiencies, and finally to penetrate through construction
materials [1-2]. This penetration affects the thermal insulation, durability and habitability of the building,

causing relevant economic and environmental impacts [3-12].

In the first part of this investigation (Part I), the scalar exposure values of WDR and DRWP exposure in
several Spanish sites have been determined by semi-empirical methods [13]. The errors associated with
datasets of different time resolutions (i.e., hourly, daily, monthly and annual datasets) have been
compared taking 10-min records of rainfall intensity and wind velocity compiled under free-field
conditions are the reference. In general, the DRWP exposure value presented greater sensitivity to the
recording interval, with significant errors even when using daily datasets. Likewise, the high uncertainty
presented by scalar results of WDR exposures calculated based on monthly and annual records were

guantified.

In any case, the existence of prevailing wind directions during precipitation events causes important
exposure variations between the different facades of the same building. Characterising the WDR and
DRWP values in the most exposed facades is therefore a key task in establishing the actual watertightness

requirements necessary for the design of the building's enclosures [2, 14-18].

To obtain this directional distribution using semi-empirical methods, a cosine projection is usually added
to the scalar equations, thus incorporating the relationship between the wind direction recorded during
each precipitation interval and the analysed facade orientation [19-21]. Several studies have already
applied this cosine projection method, characterising the directional value of exposure in different regions
[22-27]. However, there has been no uniformity in the recording interval of the climatic data used, nor has

there been a comprehensive investigation to determine the uncertainty associated with each time
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resolution of the dataset. As a result, the actual accuracy of the directional exposure values that have been

obtained so far by semi-empirical calculations and varied recording intervals is unknown.

This manuscript addresses this lack of information, defining 2 analysis criteria for each time resolution of
the dataset: the accuracy of semi-empirical directional results of WDR and DRWP exposures and the
correct identification of the orientations subject to exposure. To do so, the study is based on exhaustive
climate data collected during 15 years in 6 weather stations located in northwestern Spain characterised
by diverse environmental and exposure conditions. The directional calculation is performed considering
24 possible facade orientations (i.e., 15 ° intervals) by applying the cosine projection method and
assessing 10-min, hourly, daily, monthly, and yearly climate datasets. Finally, the hypothesis suggested
by a previous study to approximate the maximum value of directional exposure from the scalar exposure

value identified at the site was examined [27].

Together, both parts of this paper provide valuable guidelines for reinterpreting and contextualising the
WDR and DRWP results published so far in the specialised literature. In turn, general adjustments are
provided to increase the accuracy of any semi-empirical result (scalar or directional) obtained from
climate datasets with low temporal resolution. In addition, they include for the first time an approach to
the analysis of these aspects in the DRWP exposure, completing a comprehensive review of the two most

relevant climatic factors involved in the penetration of water into building facades.

2. Background

Precipitation events usually occur under recurring climatic conditions, which determine the exposure of
buildings to WDR and DRWP and thereby the risk of atmospheric water penetration into their facades.
The scalar value of WDR and DRWP exposure only provides general information about the exposure
level due to the typical climatic conditions at each location. However, precipitation events are also

characterised by prevailing wind directions, which can cause significant differences in exposure between
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facades of the same building [28-31]. Thus, facades facing these prevailing winds can receive WDR and
DRWP exposures close to the scalar value identified at the site, whereas those located leeward can be

scarcely affected [22-27].

As for scalar values, the directional distribution of both exposures can be determined by experimental
measurements collected "in situ”, CFD simulations of wind flow and raindrops, and semi-empirical
correlations [20]. However, only the semi-empirical methods allow characterising the exposure of a high
number of sites with a reasonable use of time, resources and calculation effort. Thus, I1SO 15927-3 and
ASHRAE 160P standards describe semi-empirical methods that establish the use of hourly climate data as
a starting point for calculating directional WDR exposure [32-33]. This directional calculation is based on
the same "WDR relationship™ used for the scalar calculation, also incorporating a cosine projection factor

cos (D-6), which relates the wind direction and the orientation of the facade analysed (Eg. 1).

WDR, =a-U -R, -cos(D-0) 1)

In this way, the value of WDR, (I/m?) over a particular facade orientation 6 (°) can be calculated from
simultaneous wind velocity records U (m/s), the precipitation intensity R, (I/m?) and the wind direction D
(). The result is adjusted using the empirical coefficient « (s/m), which varies according to the particular
conditions of each precipitation event. This semi-empirical calculation can also incorporate additional
coefficients (wall indices) to reflect the influence of the topography, surroundings, obstructions and

geometry of the building on the actual amount of water impinging on each facade.

The ISO 15927-3 standard also includes an exponential adjustment obtained by experimental correction
with hourly weather data collected in the United Kingdom [33]. However, many locations lack the hourly
climatic data required by ISO and ASHRAE standards (or the datasets are not sufficiently representative),
which prevents generalisation of their use. In turn, both the value o and the wall indices introduce a high
uncertainty in the calculation: the value o can vary between 0.1 and 0.5 s/m, depending on the

precipitation conditions at each moment [20, 34]; the wall indices depend on multiple factors, which,
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[32-33].

Given these uncertainties, it is customary to simplify Eq. 1 to obtain "airfield" exposure values that
obviate the coefficient o and the wall indices (i.e., simplified exposure indices referred to free-standing
surroundings with no obstructions for the wind flow). The directional driving-rain index aDRI, (m?/s)
thus represents the exposure on an unobstructed imaginary vertical plane of orientation 6 (Eq. 2)
calculated from k simultaneous records of Ry, (I/m?), U (m/s) and D (°) collected over the course of N

years.

Rhi

k
U, (1000)COS(Di -0)
aDRI, = = . @

The cosine projection factor can also be incorporated into the Bernoulli equation, thus calculating the
directional airfield indices referring to wind pressure simultaneous to precipitation. Considering the
pressure coefficient C, equal to 1 and an air density p,ir equal to 1.2 kg/m?, the directional value of
DRWP, (Pa) can be approximated from the m simultaneous records of velocity U (m/s) and wind

direction D (°) concurrent with precipitation events during the analysed period (Eq. 3).

icp -;pair :U;?-cos(D,-0)
DRWP, = = ©

m

In the summaries included in both Eqgs. 2 and 3, only the products of positive value (i.e., those records in
which the direction of the wind D causes a positive exposure value on the facade orientation 6) are
considered. Thus, it is necessary to perform an independent analysis for each possible facade orientation,

discarding those data intervals in which leeward exposure is generated (Fig. 1).
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Fig. 1. Directional scheme for the semi-empirical calculation of WDR and DRWP exposures by means of

the cosine projection factor cos(D-0).

The use of this cos(D-6) factor, however, cannot be extrapolated to the more complex and exhaustive
CFD calculation methods. Its direct application on the catch ratio that defines these methods (i.e., a
parameter of the simulation that represents, through a complicated function of space and time, the
interactions between wind velocity, wall indices and coefficient o) results in significant errors in the

directional characterisation of WDR exposure [35-36].

In any case, the accuracy of both the CFD methods and the airfield indices presented in Egs. 2 and 3 is
indeed influenced by the time resolution of the climate data used in them [37-38]. The shorter the
recording interval duration is, the more accurate the simultaneous wind and rain characterisation is. This
reduces the error committed by considering the simultaneity between wind and precipitation, and by
averaging the raw measurement data collected in the meteorological stations (co-occurrence and
averaging errors, respectively). In this sense, 10-min records are considered exhaustive enough to
accurately calculate both exposures, and this is why they are set as reference values when comparing the

accuracy of different climate datasets [37, 39-41].

In Part | of this study, the influence of the time resolution of climate datasets on the aDRI and DRWP
scalar indices has been analysed, thereby identifying the need to use at least daily records to characterise
the wind-driven rain and hourly datasets for the driving-rain wind pressure [13]. The incorporation of a
new climate parameter (the wind direction) now causes an additional indetermination, which also varies

according to the recording interval used.

To assess this influence, this study analyses two errors that are relevant for the directional

characterisation: a quantitative error (e,), which is associated with the accuracy of the exposure value
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identified in each possible facade orientation, and an orientation error (e,), which is related to the correct

identification of the exposed orientation.

In 2015, a study based on semi-empirical methods and conducted in 3 Canadian cities concluded that the
use of hourly data underestimated the directional value of WDR exposure, compared to that calculated
from 5-min records (e, of 17% for Vancouver, 3.5% for Fredericton, and 14% for Montreal). In addition,
the hourly data obtained through the 5-min data arithmetic averaging presented results of greater accuracy
than those obtained by other averaging methods (i.e., weighted). In any case, these arithmetic hourly data

allowed identifying the most exposed facade orientation, with an e, value lower than 15° [21].

To the best of the authors' knowledge, the influence of the recording interval on the airfield directional
indices obtained by semi-empirical methods has not been systematically characterised (A) by evaluating a
significant number of years of records (the aforementioned study only analysed 6-12 months of climatic
data), (B) by comparing all the most conventional recording intervals (e.g., including daily and monthly
datasets), and (C) by analysing a significant group of sites with different environmental and exposure

conditions . In the case of DRWP exposure, these issues have not been addressed in previous studies.

Although raw measurement data are not usually used in semi-empirical calculations (due to their lower
availability and higher required calculation effort), real-time recording of climate data in automatic
weather stations makes it possible to systematically analyse the uncertainties associated with each

possible recording interval.

For this, this study gathers 10-min records obtained during 15 years from 6 automatic stations distributed
through the northwest of Spain, developing hourly, daily, monthly and annual datasets by arithmetic

averaging. The directional values of aDRI, and DRWP, calculated from these datasets are compared with
those based on 10-min data, quantifying the characteristic e, and e, errors associated with each recording

interval. These results can be used to reduce the uncertainty of directional studies performed using low-



O©CO~NOOOTA~AWNPE

10

11

12

13

14

15

16

17

18

19

20

21

22

23

time-resolution data, to identify the minimum recording interval required for semi-empirical calculations

and to optimise the relationship between error reduction and calculation effort.

Given that the directional airfield index defined in Eq. 2 provides the basis for assessing WDR exposure
on specific facades, assessing and reducing these uncertainties complements efforts already made to
define more exhaustive wall indices that are close to the accuracy of CFD methods [42-45]. In relation to

the DRWP exposure indicators, the study constitutes an initial approach to the analysis of these aspects.

Finally, the relationship between the maximum directional exposure obtained at each location and the
scalar exposure value identified at those sites will be examined. The existence of simple linear regressions
between both values for the WDR and DRWP exposures has been suggested by a study conducted in 6
Chilean cities from daily datasets [27]. This analysis attempts to verify the existence of these correlations
in locations subject to different climatic conditions and for climate datasets with recording intervals that
are different from the daily intervals. The confirmation of these adjustments would allow assigning
homogeneous designs for all building facades by using the maximum predicted directional value, starting

from simple scalar calculations.

3. Directional characterisation of WDR and DRWP airfield indices in Northwestern Spain

The climate records used have been gathered in 6 weather stations in the northwest of Spain (Galicia
region): CIS Ferrol, Pedro Murias, Corrubedo, Campus Lugo, Queimadelos and O Invernadeiro. These Ry,
(I/m? and U (m/s) values are the same as those used in the previous scalar analysis (see Part | of this
study) but incorporate simultaneous 10-min records of wind direction D (°) for the analysis of directional

exposures [13].

The wind direction in each 10-min interval is obtained from raw measurement data with approximation

errors <3°, registered by wind vanes equipped with electrical sensors and located at the same height as the
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Government of Galicia and record the meteorological variables according to the current international
standards [13, 46-47]. The fraction of missing data over the analysed period (1 Feb. 2001 — 31 Jan. 2016)
ranges from 0.46% to 1.50% (Queimadelos and O Invernadeiro, respectively), which ensures the

representativeness of these records.

Datasets corresponding to hourly, daily, monthly and annual intervals were prepared using a spreadsheet
program to arithmetically average the more than 780,000 10-min records collected at each station. The
wind direction D corresponding to each data interval has been obtained by adding the unit vectors

associated with the wind directions recorded along each of them.

Fig. 2. Location of the 6 weather stations and their topography and local considerations in relation to the

prevailing winds. Darker colours represent higher elevations.

3.1 Prevailing winds during precipitation events in the zone of study

The climate of northwestern Spain is affected by the complex interaction between the North Atlantic
Anticyclone (almost permanently located between latitudes 30°N and 45°N), the polar front (between
latitudes 45°N and 60°N) and the characteristic circulations of wind from the west in the Ferrel cell [48-
49]. The northern position of the anticyclone during the summer reduces the action of the polar front and
the mid-latitude cyclones on the studied region. The clockwise anticyclone circulation causes northwest
prevailing winds, alternating precipitation events when the anticyclone oscillates towards the south. In
winter, the location of the anticyclone at approximately 30°N allows the area to be influenced by low-

pressure areas characterised by southwest prevailing winds and intense rainfall.
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Topography is another aspect that also influences the climate configuration of the region. The
mountainous north coast is characterised by humid onshore breezes, which are responsible for
precipitation distributed throughout the year. On the west and northwest coasts, the numerous ocean-
drowned river valleys locally condition the direction of the prevailing winds. Towards the interior,
mountain ranges reduce the influence of oceanic winds, channelling it locally according to the orientation

of the existing valleys (as for O Invernadeiro or Campus Lugo).

All these considerations are consistent with the characteristic wind roses of the sites studied (Fig. 3). For
its elaboration, the generic wind rose (obtained from all the 10-min records of wind direction collected
between 2001 and 2016) has been differentiated from the one elaborated using only those records
simultaneous to precipitation events. In parallel, the frequency distribution of wind velocities has also

been analysed in both cases.

Fig. 3. Prevailing wind directions and velocities considering all available records and only those
simultaneous to rainfall events: a) CIS Ferrol; b) Pedro Murias; ¢) Corrubedo; d) Campus Lugo; €)
Queimadelos and f) O Invernadeiro.

As can be observed, the wind presents higher velocities during rainfall intervals, especially at the coastal
stations (CIS Ferrol, Pedro Murias and Corrubedo) and those located at higher elevations (O
Invernadeiro). In the first two, the most frequent wind velocity during rainfall exceeds 5 m/s, whereas the
most common wind velocity during the year is less than 2 m/s. Corrubedo is characterised by its
particularly strong winds (predominantly velocities above 5 m/s), whereas the inland wind velocities are

drastically reduced (Campus Lugo and Queimadelos).

Wind direction also varies during precipitation events, which prevents the generic wind roses from being
used to characterise the WDR and DRWP directional exposures. The O Invernadeiro station (located in

the mountainous area of the homonymous natural park) and Campus Lugo (in the valley formed by the

10
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Mifio River) are exceptions because the wind direction is strongly restricted by the topographic
configuration of its surroundings (W-E and N-SE, respectively). In the remaining stations, the
predominance of precipitation from the south and southwest directions is associated with sea-breeze

fronts and low-pressure areas.

3.2 Calculations and results

Using Egs. 2 and 3, the directional exposure indices related to the wind-driven rain and simultaneous
wind pressure at each location have been determined. For its calculation, 24 possible facade orientations
(i.e., 15 ° intervals) and climate datasets of different time resolutions elaborated from the arithmetic
average of the original 10-min records have been considered. For clarity, each exposure index
incorporates a prefix j, which represents the time resolution of the dataset (i.e., "10" for 10-min, "h" for
hourly, "d" for daily, "m" for monthly and "a" for annual datasets). These exposure results are shown in

Figs. 4 and 5 (angles are measured in degrees North).

Fig. 4. Directional aDRI values (m?/s) for different recording intervals: a) CIS Ferrol; b) Pedro Murias; c)
Corrubedo; d) Campus Lugo; e) Queimadelos and f) O Invernadeiro.

Fig. 5. Directional DRWP values (Pa) for different recording intervals: a) CIS Ferrol; b) Pedro Murias; c)
Corrubedo; d) Campus Lugo; e) Queimadelos and f) O Invernadeiro.

By analysing the 10-min reference results, one can see how the directional distribution of the exposures is
consistent with the frequency distribution of wind directions during precipitation events. Most of the sites
(CIS Ferrol, Pedro Murias and Queimadelos) exhibit high exposures on southwest-facing facades ranging

from 225 to 255° for WDR exposure and from 210 to 225° for DRWP exposure. Corrubedo and Campus

11
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Lugo are subject to greater exposure on the southern facades (180° to 195°), in line with their frequency
distribution (Fig. 3). In turn, O Invernadeiro concentrates its exposure on the west-east axis defined by the
surrounding topography, with maximum values at 270° N. Significant exposure variations between

facades are observed at all sites, with those between 0° and 105° being less exposed to water penetration.

Due to its coastal location, which is subject to strong ocean winds, the maximum directional values of
WDR and DRWP are identified in Corrubedo (5.78 m?/s and 40.01 Pa, respectively). The Campus Lugo
station, located in an inland urban environment, represents the most protected location among those
analysed (1.02 m?/s and 3.26 Pa). In general, all coastal sites have higher DRWP exposure, whereas those

closest to the west coast are subject to higher WDR.

Figs. 4 and 5 show the influence that the recording interval has on the accuracy of the directional
characterisation. It can also be observed how this influence is different for both exposures (WDR and
DRWP) and according to the type of error considered (e, and e,). Characterising these errors is therefore a
key factor for determining the recording interval needed to obtain reliable directional results and for

assessing the uncertainty associated with the use of low-time-resolution climate datasets.

4. Error assessment and discussion

To determine the characteristic magnitude of the e, error associated with each time resolution, the
maximum exposure orientations identified by each recording interval (6,.x) and that obtained from the
10-min climate dataset were compared. This comparison, even for a single directional exposure value (the
one of greatest interest because it has the highest value), serves as a qualitative indicator of the ability of
the dataset to determine the exposure in the correct orientation. Table 1 compiles these differences (an
uncertainty of + 15° linked to the amplitude of the 24 intervals defined for the directional analysis must

be considered).

12
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Table 1.
Maximum exposure values and its orientation for wind-driven rain (m?/s) and simultaneous wind pressure
(Pa). The orientation error e, for climate datasets with different time resolutions is also shown.

In the case of WDR exposure, the e, error is maintained below 45 ° when using hourly and daily datasets.
Monthly or annual records present greater uncertainties, with variations that can even surpass 150°
(Corrubedo and Campus Lugo). Similar conclusions can be obtained when analysing the DRWP
exposure, although the 0,5« determination exhibits greater accuracy: both hourly and daily records
determine this orientation with uncertainties less than 15°. In general, the determination of the most
exposed orientation is more inaccurate with a longer dataset recording internal, which makes it advisable
to discard data with a time resolution longer than one day. O Invernadeiro constitutes an exception
because the greater confinement of the wind directions around the station allows the most exposed

orientation to be correctly determined, even when using annual datasets.

Table 1 also compiles the maximum directional exposure values identified using each of the datasets with
a different time resolution. In contrast with the scalar values of WDR exposure (see Part | of this
research), less-exhaustive recording intervals can overestimate the actual value of the directional
exposure. This randomness does not occur in the case of DRWP exposure, where there is a clear tendency
to underestimate the maximum exposure, which is more marked in climate data with a poor time

resolution.

To characterise the quantitative error associated with the directional exposure value (g,), the results
obtained from each recording interval have again been compared, orientation-by-orientation. The
percentage error eq (%) is calculated by taking the values relative to the 10-min series (Egs. 4 and 5) as a
reference. Thus, Figs. 6 and 7 represent this quantitative error for each of the 24 6 orientations analysed

and for each of the sites studied.

13
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Fig. 6. Percentage error e, on the directional aDRI values for climate datasets of different time resolution
(regarding 10-min values): a) CIS Ferrol; b) Pedro Murias; ¢) Corrubedo; d) Campus Lugo; e)
Queimadelos and f) O Invernadeiro.

Fig. 7. Percentage error e, on the directional DRWP values for climate datasets of different time
resolution (regarding 10-min values): a) CIS Ferrol; b) Pedro Murias; ¢) Corrubedo; d) Campus Lugo; €)
Queimadelos and f) O Invernadeiro.

Although there are important differences between the possible orientations of the same location, the e,
value is greater when the recording interval is longer. Thus, only hourly datasets reflect the directional
distribution of the WDR and DRWP exposures with an error of less than 50% in any orientation (relative
to the 10-min reference results). The characteristic high exposure of Corrubedo is responsible for the
highest e, values identified at the site. Paradoxically, O Invernadeiro does not have lower errors than

other sites despite of its particular topography.

The variability of the e, errors committed along the D = 24 orientations analysed (even for the hourly

datasets) implies that analysing results referring to a single orientation only provides a partial view of the
recording interval accuracy. Consequently, to quantify in a general manner the deviations caused by each
time resolution, the 24 absolute values of e, corresponding to each facade orientation (Egs. 6 and 7) have
been averaged. These average results |ey|, together with the values of maximum and minimum oscillation,

are compiled in Table 2.

14
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Table 2.
Maximum and minimum quantitative error e, (%) associated with the possible facade orientations and its
mean absolute value for each recording interval.

In spite of the different characteristics of the sites studied, the analysis of these |e,| values shows that there
is a similar reliability between directional results obtained from the same time resolution of the dataset.
By averaging the |e,| values of all sites studied, a general guideline for the quantitative uncertainty

associated with each recording interval can be obtained (Fig. 8).

Fig. 8. Evolution of mean error [e4| in aDRI and DRWP directional values for the usual recording
intervals used in climate datasets (logarithmic scale).

By taking the 10-min results as a reference, it can be observed how the hourly datasets introduce a mean
guantitative error of 7.62% in the aDRI, results. However, this error varies between the stations analysed
(depending on their characteristic climatic conditions), presenting a standard deviation ¢ of 4.7%. This
mean error is slightly lower than previously identified at Canadian sites, which were also calculated using
arithmetically averaged hourly datasets [21]. These results confirm that the hourly interval (established
for the semi-empirical calculation of the WDR exposure by the ISO and ASHRAE standards) can also

incorporate relevant errors. Thus, this uncertainty should be considered when the site climate differs from

15
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that used to set the empirical adjustments included in these standards (e.g., o = 2/9 and exponential
adjustment 8/9, for 1ISO 15927-3). In the case of DRWP exposure, the mean error |ey| reaches 10.82%,
with a o value of 6.3%. The absence of similar adjustments for the DRWP characterisation implies that in

any case, an uncertainty close to 10% in directional results based on hourly data should be assumed.

Considering daily datasets, the mean error amounts to 16.60% for aDRI, values (¢ = 3.5%) and 35.70%
for DRWP results (¢ = 7.8%). The magnitude of these average errors suggests the need to discard daily
climate data, at least for the directional calculation of the DRWP exposure. For the same reason, the use
of monthly and annual datasets should be excluded, despite its significant reduction in the calculation

effort.

In general, the quantitative error associated with the DRWPg indices is similar to that identified in the
scalar DRWP values, especially for hourly and daily datasets [13]. However, for the same time resolution,
the quantitative error associated with the aDRIg values is greater than that identified for the aDRI scalar
values. This difference can be explained by the greater directional error e, associated with the directional
WDR values, which is added to the co-occurrence and averaging errors already present in the scalar
calculation. Even so, the [, error is greater in the DRWP, indices than in the daDRI, values, although

this difference is reduced and even reversed for the monthly and annual recording intervals.

The representativeness of the climate data and weather stations analysed suggests that these results may
be extrapolated to the semi-empirical directional characterisation of other locations with varying
environmental conditions. Similarly, these errors should be considered in the comparisons and
adjustments established between WDR semi-empirical results and CFD simulations (such as those
performed to determine more accurate wall indices), depending on the time resolution of the dataset that

was used [42-45].

4.1 Fitting relationships
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It follows from the previous section that only the hourly data allows the directional determination of the
WDR and DRWP exposures with a quantitative error of less than 15%, also accurately identifying the
maximum exposure orientation. However, access to hourly data is not possible in many places, which,
together with the high calculation effort required, limits its use and the generalisation of standards such as
ISO 15927-3 and ASHRAE 160P. Thus, the attempts to establish more affordable techniques to

characterise exposure, starting from climate data with a poor time resolution, are reasonable [20, 24-25].

In this sense, the correlations obtained in Chile between the maximum directional values of the WDR and
DRWP exposures, and their respective scalar exposure values, are of particular interest. These
adjustments, made from daily datasets collected in 6 sites (Antofagasta, La Serena, Santiago, Concepcidn,
Temuco and Puerto Montt), would allow estimating the most relevant directional value using simple
scalar calculations [27]. Because in practice, all building facades are usually designed in a homogeneous
manner (regardless of their orientation), it would be possible to establish its required watertightness

conditions from this directional maximum extrapolated from scalar exposure values.

By correlating the maximum values of dRIs and dDRWP, obtained at each site (Table 1) with their scalar
equivalents (see Part | of this study), Fig. 9 identifies the existing correlations and compares them with
those obtained in Chile. It is observed that both linear regressions have high coefficients of determination
R?, especially for the DRWP exposure (0.9976). In the case of the WDR exposure, only the data from
Queimadelos reduce the accuracy of the adjustment, despite the varied characteristics and exposure

conditions of the different analysed locations.

The reasonable convergence of these correlations in two such distant zones (Chile and Spain) confirms
the possibility of using this type of regression as a functional alternative to the laborious directional
calculation (which must also be repeated for each possible orientation 6 analysed). Thus, it is possible to
estimate the maximum exposure on the building facades based on a simple scalar calculation (i.e., even in

the absence of wind direction records).
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It any case and despite the distance between the two zones, the sites also share some common
characteristics, such as the climatic influence exerted by nearby oceans and their location at similar
latitudes (in different hemispheres). Therefore, the analysis of a greater number of sites and the
characterisation of other geographical areas remain a necessary task to improve these regressions and

refine the scope of their validity.

Fig. 9. Best-fit linear relationships between the scalar and maximum directional values for the WDR and

DRWP exposures. Comparison with the correlations identified in Chile (dashed line).

To more accurately estimate the maximum directional exposure, Table 3 compiles and relates the scalar
exposure values associated with each recording interval, with the maximum values 10'aDRI, and
10'DRWP. For the DRWP exposure, all best fit-linear relationships have a coefficient of determination
greater than 0.8, which ensures a reasonable estimation of the maximum 10'DRWP, value even using
scalar indices of low-time resolution. On the other hand, only the scalar indices 10'aDRI and haDRI allow

estimating the maximum 10'aDRlI, value with an R? greater than 0.8.

Table 3.
Maximum directional values of 10’aDRI (m?/s) and 10’DRWP (Pa) and their correlation with the scalar
exposure values [13].

5. Conclusions

This work has clarified the influence that the choice or availability of a particular recording interval

dataset has on the accuracy of the semi-empirical directional indices that characterise the WDR and
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DRWP exposures. By analysing exhaustive climatic data gathered in automatic weather stations and other
datasets of conventional time resolutions, guidelines have been obtained to contextualise the results of the
WDR and DRWP calculations. The representativeness of the analysed data and stations supports the

possibility of extrapolating these guidelines to a wide variety of situations and exposure conditions.

The study demonstrates that only the hourly climate data accurately determine the directional values of
aDRIy and DRWP,, in addition to correctly identifying the maximum exposure. Even so, hourly records
can generate non-negligible errors (close to 10%) in both indices. Less-exhaustive datasets such as

monthly or annual data should be discarded, given the significant uncertainties their directional outcomes.

In turn, the existence of precise correlations between the maximum directional exposure value and the
scalar exposure value has been confirmed. Using datasets with low time resolution or lacking wind
direction records, these adjustments allow estimating the maximum directional exposure received at the
site. The construction codes could use these maximum values, obtained through these functional
correlations, to establish general watertightness conditions for any facade of the building, thus

maintaining the homogeneous design typical of construction enclosures.

Together, the results obtained in both parts of this study allow reducing the uncertainty of the semi-
empirical calculations (scalar and directional), identifying the minimum recording interval required to
determine these exposures and optimising the relationship between the error reduction and the calculation
effort. Given that the airfield indices analysed constitute the starting point for obtaining actual exposures
on specific facades (e.g., by applying the appropriate wall indices), these improvements should contribute

to the refinement of future designs under various exposure conditions.
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Table 1

Table 1.
Maximum exposure values and its orientation for wind-driven rain (m?s) and simultaneous
wind pressure (Pa). Orientation error e, for climate datasets with different time resolutions is

also shown.
10’aDRlg haDRlg daDRlg maDRlg aaDRlg
Max.  Omax Max.  Omax €o Max.  Omax =N Max.  Omax €5 Max  Omax €o
CIS Ferrol 2.90 240 290 225 15° 284 210 30° 1.79 255 15° 3.28 330 90°
Pedro Murias 1.93 255 1.94 240 15° 201 210 45° 1.83 195 60° 1.84 180 75°
Corrubedo 5.78 195 590 180  15° 477 195 o° 231 165 30° 2.74 45 150°
Campus Lugo 1.02 195 1.00 180 15° 0.99 180 15° 0.82 15 180° 1.23 15 180°
Queimadelos 3.31 225 3.42 225 o° 3.08 225 o° 1.61 210 15° 1.60 225 o°
O Invernadeiro 271 270 276 255  15° 293 270 o° 3.57 270 0° 3.59 270 o°
10'DRWPy hDRWPg dDRWPg MDRWPg aDRWPg
MaX.  Omax Max.  Omax €o MaxX.  Omax € Max.  Omax €o Max  Omax €o
CIS Ferrol 9.03 210 8.66 210 o° 753 210 o° 4,72 15 165° 4,92 330 120°
Pedro Murias 9.72 210 9.78 210 o° 8.96 210 o° 6.07 210 o° 552 180 30°
Corrubedo 40.01 195 35.39 195 0° 21.10 195 o° 9.28 180 15°¢ 11.49 285 90°
Campus Lugo 3.26 180 291 180 o° 230 165 15° 1.79 0 180° 1.61 0 180°
Queimadelos 3.31 225 2.88 225 0° 1.72 210 15° 0.97 105 120° 1.15 75 150°
O Invernadeiro 7.45 270 6.66 270 0° 4,16 270 o°e 3.20 270 0° 3.17 270 o°



Table 2

Table 2.

Maximum and minimum quantitative error eq (%) associated with the possible facade

orientations and its mean absolute value for each recording interval.

haDRlg daDRlg maDRlg aaDRlg

€q max €q min ledl  eq max €q min leq| €q max €q min leq| €q max €q min [ed|
CIS Ferrol -13.4 -0.4 6.3 -25.9 -0.5 10.9 -45.7 -0.6 29.7 +148.6 +9.7 82.6
Pedro Murias -16.1 -0.2 7.2 +33.6 -1.4 16.4 -85.3 -0.4 39.6 +109.7 +1.9 58.8
Corrubedo -10.3 -0.1 48 +39.1 +1.7 15.1 +171.1 -4.8 62.1 +532.0 +26.5 151.0
Campus Lugo -15.6 +0.4 7.6 -60.4 -0.7 16.7 -71.9 +7.5 38.9 +114.9 -8.5 72.0
Queimadelos -44.3 +0.2 16.7 -49.2 -5.6 20.7 +139.1 -0.2 60.4 +119.7 +1.8 54.9
O Invernadeiro -7.2 -0.2 31 -79.8 +2.7 19.8 -96.9 -4.3 61.2 -100.0 +1.1 65.2

hDRWPg dDRWPg MDRWPg aDRWPg

€q max €q min ledl  €eq max €q min leq| €q max €q min leq| €q max €q min [ed|
CIS Ferrol -12.8 +0.4 6.8 -56.0 +1.5 27.0 -53.7 -30.7 43.8 -100.0 -19.7 62.1
Pedro Murias +15.2 +0.2 6.6 -55.5 -7.7 25.1 -78.9 -31.7 47.8 -100.0 -24.9 54.9
Corrubedo -17.5 -33 93 -655 -6.1 38.7 -78.2 -7.3 58.6 +110.4 -9.6 68.2
Campus Lugo -16.8 -1.9 11.2 -72.1 -18.5 38.2 -70.8 -24.4 50.9 -88.7 -34.7 55.0
Queimadelos -44.9 -13.0 23.1 -77.5 -12.1 446 -74.3 -4.3 46.1 -81.7 +2.0 50.9
O Invernadeiro -13.6 -1.7 7.9 -88.1 -18.2 40.6 -79.6 -56.5 66.8 -100.0 -56.4 82.1



Table 3

Table 3.
Maximum directional values of 10’aDRI (m?%s) and 10’DRWP (Pa) and its correlation with
their scalar exposure values [13].

Max. 10’aDRlIg 10’aDRI haDRI daDRI maDRI aaDRI
CIS Ferrol 2.90 5.02 4.86 4.76 4.00 3.97
Pedro Murias 1.93 3.66 3.59 3.59 2.93 2.71
Corrubedo 5.78 7.98 7.99 7.00 4.60 4.07
Campus Lugo 1.02 2.23 2.18 2.06 1.67 1.71
Queimadelos 3.31 4.07 4.05 3.62 2.65 2.50
O Invernadeiro 2.71 5.39 5.36 4.83 3.74 3.61
Max. 10'aDRIly =0.731 - 10'aDRI — 0.650 (R2=0.819)
Max. 10'aDRIly =0.732 - haDRI - 0.617 (R2= 0.832)
Max. 10'aDRIy =0.818 - daDRI - 0.712 (R2 = 0.765)
Max. 10'aDRIy = 0.996 - maDRI — 0.528 (R? = 0.567)
Max. 10'aDRIy =0.996 - aaDRI — 0.323 (R2 = 0.456)
Max. 10’ DRWPy, 10°'DRWP hDRWP dDRWP mDRWP  aDRWP
CIS Ferrol 9.03 11.41 10.61 8.29 6.11 5.96
Pedro Murias 9.72 11.10 10.84 8.67 5.51 5.19
Corrubedo 40.01 40.82 35.90 22.04 10.83 10.18
Campus Lugo 3.26 4.20 3.63 2.56 1.99 1.92
Queimadelos 3.31 3.57 3.00 1.84 1.24 1.20
O Invernadeiro 7.45 8.02 7.06 4.56 3.24 3.19

Max. 10'DRWP, = 1.008 -
Max. 10'DRWP, = 1.144 -
Max. 10'DRWP, = 1.853 -
Max. 10'DRWP, = 3.749 -
Max. 10'DRWP, = 3.989 -

10'DRWP - 1.158 (R? = 0.996)
hDRWP — 1.394 (R2 = 0.992)
dDRWP — 2.627 (R? = 0.957)
MDRWP — 5.813 (R? = 0.855)
aDRWP — 6.077 (R? = 0.846)



Figure captions

Figure captions

Fig. 1. Directional scheme for the semi-empirical calculation of WDR and DRWP exposures by means of
the cosine projection factor cos(D-9).

Fig. 2. Location of the 6 weather stations and their topography and local considerations in relation to the
prevailing winds. Darker colours represent higher elevations.

Fig. 3. Prevailing wind directions and velocities considering all available records and only those
simultaneous to rainfall events: a) CIS Ferrol; b) Pedro Murias; ¢) Corrubedo; d) Campus Lugo; e)
Queimadelos and f) O Invernadeiro.

Fig. 4. Directional aDRI values (m%s) for different recording intervals: a) CIS Ferrol; b) Pedro Murias; c)
Corrubedo; d) Campus Lugo; e) Queimadelos and f) O Invernadeiro.

Fig. 5. Directional DRWP values (Pa) for different recording intervals: a) CIS Ferrol; b) Pedro Murias; c)
Corrubedo; d) Campus Lugo; e) Queimadelos and f) O Invernadeiro.

Fig. 6. Percentage error e, on the directional aDRI values for climate datasets of different time resolution
(regarding 10-min values): a) CIS Ferrol; b) Pedro Murias; ¢) Corrubedo; d) Campus Lugo; e)
Queimadelos and f) O Invernadeiro.

Fig. 7. Percentage error e, on the directional DRWP values for climate datasets of different time
resolution (regarding 10-min values): a) CIS Ferrol; b) Pedro Murias; ¢) Corrubedo; d) Campus Lugo; €)
Queimadelos and f) O Invernadeiro.

Fig. 8. Evolution of mean error |gg| in aDRI and DRWP directional values for the usual recording
intervals used for climate datasets (logarithmic scale).

Fig. 9. Best fit-linear relationships between the scalar and maximum directional values for the WDR and
DRWP exposures. Comparison with the correlations identified in Chile (dashed line).
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Fig. 1. Directional scheme for the semi-empirical calculation
of WDR and DRWP exposures by means of the cosine
projection factor cos(D-0).



Figure 2
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Fig. 2. Location of the 6 weather stations and their topography and local
considerations in relation to the prevailing winds. Darker colours represent
higher elevations.
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Fig. 3. Prevailing wind directions and velocities considering all available records and only those
simultaneous to rainfall events: a) CIS Ferrol; b) Pedro Murias; ¢) Corrubedo; d) Campus Lugo;
¢) Queimadelos and f) O Invernadeiro.
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Fig. 4. Directional aDRI values (m?s) for different recording intervals:
a) CIS Ferrol; b) Pedro Murias; ¢) Corrubedo; d) Campus Lugo; ¢) Queimadelos and f) O Invernadeiro.
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Fig. 5. Directional DRWP values (Pa) for different recording intervals:
a) CIS Ferrol; b) Pedro Murias; ¢) Corrubedo; d) Campus Lugo; ¢) Queimadelos and f) O Invernadeiro.
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Fig. 6. Percentage error e, on the directional aDRI values for climate datasets of different time resolution
(regarding 10-min values): a) CIS Ferrol; b) Pedro Murias; ¢) Corrubedo; d) Campus Lugo; e) Queimadelos and f) O Invernadeiro.
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Fig. 7. Percentage error e, on the directional DRWP values for climate datasets of different time resolution
(regarding 10-min values): a) CIS Ferrol; b) Pedro Murias; ¢) Corrubedo; d) Campus Lugo; e) Queimadelos and f) O Invernadeiro.
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Fig. 8. Evolution of mean error ¢ | in aDRI and DRWP directional values for the usual
recording intervals used for climate datasets (logarithmic scale).



Figure 9
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Fig. 9. Best fit-linear relationships between the scalar and maximum directional values for the WDR and DRWP
exposures. Comparison with the correlations identified in Chile (dashed line).



