Building and Environment

Equivalence between the methods established by ISO 15927-3 to determine wind-
driven rain exposure: Reanalysis and improvement proposal

Manuscript Number:
Article Type:
Keywords:

Corresponding Author:

First Author:
Order of Authors:

Abstract:

--Manuscript Draft--

BAE-D-19-03218R2
Original Research Paper
Wind-driven rain; ISO standard; Climate data; fagade design; method reliability

José M. Pérez-Bella, Ms. Eng. Ph.D.
Universidad de Zaragoza Escuela de Ingenieria y Arquitectura
Zaragoza, Zaragoza SPAIN

José M. Pérez-Bella, Ms. Eng. Ph.D.
José M. Pérez-Bella, Ms. Eng. Ph.D.
Javier Dominguez-Hernandez, Professor
Enrique Cano-Sufén, Assistant Professor
Mar Alonso-Martinez

Juan J. del Coz-Diaz, Professor

ISO standard 15927-3 establishes two calculation methods to characterise wind-driven
rain exposure on building fagades, with different approximations according to the
available climatic data: (i) a reference method, using hourly wind and rain data, and (ii)
an alternative method using average wind records and the present weather code for
rain in half-day intervals when hourly data are not available. However, the equivalence
between the two methods was only validated in three British cities with similar
environmental conditions (London, Manchester, and Edinburgh), and for only four
facade orientations. In addition, the description of the second method also admits
different interpretations that can influence its results. This study re-examines the real
equivalence between the two methods, comparing their results in multiple fagade
orientations of 12 Spanish locations subjected to varied amounts of wind-driven rain
exposure. The analysis shows that the reliability of the method based on non-hourly
data varies significantly according to the methodological interpretation applied, making
it advisable to review its current description. Finally, an improvement is proposed that
reinforces the equivalence and reliability of the alternative method with respect to the
reference method, regardless of the climate of the analysed location.

Powered by Editorial Manager® and ProduXion Manager® from Aries Systems Corporation



Highlights

Highlights

Equivalence analysis between the 1SO 15927-3 methods to calculate wind-driven rain

Detailed climate data analysis of 12 Spanish sites with varied exposure conditions

Comparison of several methodological interpretations for the non-hourly data method

Improvement proposal to reinforce the reliability of this alternative method

Calculation of a best-fit relationship to extrapolate results between both methods



Revised Manuscript with No Changes Marked Click here to view linked References =

Equivalence between the methods established by 1SO 15927-3 to determine wind-driven
rain exposure: Reanalysis and improvement proposal

José M. Pérez-Bella2”, Javier Dominguez-Hernandez?, Enrique Cano-Sufiéna, Mar Alonso-Martinez®,
Juan J. del Coz-DiazP

& Department of Construction Engineering, Engineering and Architecture School, University of Zaragoza,
Maria de Luna, s/n, 50018 Zaragoza, Spain.

b Department of Construction Engineering, University of Oviedo, Edificio Departamental Viesques n° 7,
33204 Gijén, Spain.

Abstract

ISO standard 15927-3 establishes two calculation methods to characterise wind-driven rain exposure on
building facades, with different approximations according to the available climatic data: (i) a reference
method, using hourly wind and rain data, and (ii) an alternative method using average wind records and
the present weather code for rain in half-day intervals when hourly data are not available. However, the
equivalence between the two methods was only validated in three British cities with similar
environmental conditions (London, Manchester, and Edinburgh), and for only four fagade orientations. In
addition, the description of the second method also admits different interpretations that can influence its
results. This study re-examines the real equivalence between the two methods, comparing their results in
multiple facade orientations of 12 Spanish locations subjected to varied amounts of wind-driven rain
exposure. The analysis shows that the reliability of the method based on non-hourly data varies
significantly according to the methodological interpretation applied, making it advisable to review its
current description. Finally, an improvement is proposed that reinforces the equivalence and reliability of
the alternative method with respect to the reference method, regardless of the climate of the analysed
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1. Introduction

The penetration of rainwater into building facades causes multiple types of deterioration in porous
construction materials (such as frost attack, salt migration, crystallisation stress, cracking, and loss of
adherence), reductions in the efficiency of the thermal insulation of the building envelope, impacts on the
health conditions of residents, and biodeterioration phenomena [1-8]. The wind-deflected rain that
impacts the vertical surface of the facades (wind-driven rain (WDR)) is the main source of moisture for
this penetration process [9-10]. Accurately determining the exposure of each facade to the rainwater

supply is therefore a key aspect for defining watertight designs.

ISO standard 15927-3 constitutes an international reference for the calculation of this exposure, and
enables the WDR that would impact on a given fagcade orientation to be quantified. This is totalled over
one year, and over the worst WDR period likely to occur in any given 3-year period [11-15]. Accordingly,
the standard uses hourly rainfall and wind velocity data (i.e., speed and direction) collected at the sites for
a minimum of 10 years. This calculation procedure is based on the methodology applied by BS standard
8104, but it does not include the WDR maps and directional roses included in the British standard, and is

thus applicable to any geographic area (hereafter termed the reference method) [16].

In turn, this standard incorporates an alternative method for locations without hourly climate data, which
uses average wind records and the present weather code defined by the World Meteorological
Organization [17]. This method (hereafter termed the alternative method) characterises periods when the
facade is likely to moisten. This means it does not quantify the amount of water that impacts the facade,
but the severity of these ‘wetting periods’. For this purpose, each 12 h interval (‘half-day’) is assigned a
wetting (+1), drying (-1) or neutral nature (0), according to the presence and intensity of the rainfall,
mean wind speed, wind direction and relative humidity during each half-day. The number of wetting half-

days accumulated during a single wetting period that might be exceeded once every 10 years should



provide a priori a WDR exposure characterisation on a given fagcade orientation equivalent to the

reference method [11].

Sanders analysed the equivalence between the results of both methods at several British locations
(cooperative project IEA-Annex 41 of the International Energy Agency), and this comparison was
graphically collected in the Informative Annex D of the standard ISO 15927-3 [11, 18]. However, neither
the number of sites studied (London, Manchester, and Edinburgh airports, three cities with a similar
rainfall amount of between 600 and 830 mm/year) nor the orientations analysed (North, South, East, and
West) are sufficiently representative to validate the equivalence between the two calculation methods
[19]. Furthermore, the description of the alternative method does not define how to identify the end of
each period of accumulated wetting half-days, thus allowing different interpretations that could lead to

different results.

To address this issue, this research assesses the real equivalence between the two calculation methods by
analysing a representative number of locations and facade orientations, subjected to varied climates and
WDR exposures. Accordingly, 12 Spanish locations distributed throughout the regions of Galicia
(northwest of the Iberian Peninsula), La Rioja (Ebro river valley), and the Canary Islands were studied.
These regions have average rainfall amounts ranging from 72 mm/year to 1,734 mm/year, mean wind

speeds ranging from 1.2 m/s to 6.4 m/s, and climates ranging from hot desert to oceanic [20-21].

This reanalysis will allow the reliability of the alternative method to be quantified under different climatic
conditions, discuss the validity of different methodological interpretations and identify the one that is
capable of achieving better agreement with respect to the reference method. Finally, an improvement for
this alternative method is proposed. This advancement of the international 1SO standard 15927-3 will
provide a more reliable characterisation of the WDR exposure in locations without simultaneous records

of hourly climatic data, thus enabling more suitable designs for building fagcades in these locations.



2. Background. Description of standard 1SO 15927-3

The reference method of ISO standard 15927-3 uses a semi-empirical approach to calculate the WDR
exposure, based on the overall formulation established by the ‘WDR relationship’ (Eg. 1). This
relationship links simultaneous records of wind speed U (m/s) and rainfall intensity R, (mm) to obtain the

water amount impinging on the vertical fagade surface [22-23].

WDR, =k-U R, -cos(D-6) (1)

To determine the WDR, (I/m?) on each specific facade orientation 6 (°), the WDR relationship
incorporates a cosine projection that uses simultaneous records of the wind direction D (°). This requires a
different calculation for each possible fagade orientation @, and only those results with a positive value are
considered (i.e., WDR impinging on the specific fagade orientation). The result is adjusted by an
empirical coefficient k (s/m), which varies depending on the facade geometry, building configuration,
raindrop-size distribution and U and Ry, values [24]. The subsequent development of this WDR
relationship allowed the development of several WDR maps for the United Kingdom and culminated in a

calculation standard (BS 8104) based on the use of hourly climate records [16, 25-27].

Taking this British standard as a model, 1SO standard 15927-3 establishes a general method that enables a
generalised calculation of the amount of WDR passing through a vertical surface in an undisturbed
airstream. This represents the WDR that would occur on a given orientation facade at a height of 10 m
above ground level in free field conditions. This amount can also be weighted by dimensionless
coefficients (named ‘wall indices”), which represent the influence of the building shape, terrain
roughness, surrounding topography, and nearby obstructions [11]. In turn, this reference method allows
the WDR exposure to be quantified in two different time intervals: annually and during sustained

exposure intervals (named ‘spells’).



Thus, the average annual WDR exposure on a specific orientation or 149 (mm/year) is calculated from at
least 10 years of simultaneous hourly wind speed U (m/s), wind direction D (°), and rainfall intensity Ry
(mm) data in airfield conditions. Airfield conditions means a height of 10 m above ground level in an
open field, as established by the World Meteorological Organization [28]. In the summation of the
formula, only the m co-occurrent climatic records gathered over N years in which the wind direction D

affects the analysed orientation & (Eq. 2) are considered.

= )

To quantify the exposure that can accumulate during a spell, the j hourly records of wind velocity (U and
D) and precipitation (Ry) during each spell (Eq. 3) are analysed, in which the wind direction D affects the
analysed orientation @ [11]. Each specific spell index I sy (mm/spell) determines the accumulated WDR on

the orientation during one of these exposure intervals.
L2 %
|SH:§-ZUi~(Rhi)9-cos(Di—6?) ®)
i=1

The I1SO standard states that each spell ends with the arrival of 96 consecutive hours without WDR over
the facade orientation, at which point the loss of moisture by evaporation is considered to exceed the gain

from the previous WDR (Annex B of ISO 15927-3).

To obtain a single characteristic exposure value lss (mm/spell), the most unfavourable spell index that can
occur every 3-years is determined [11]. Accordingly, the ISO standard uses an approach based on

traditional statistical representations (i.e., the 67" percentile of the I'sy values). However, researchers such
as Orr and Viles have demonstrated how the use of these traditional percentiles is inadequate to represent

extreme weather events, because the expected Iy values are significantly underestimated [15, 29-30].

2.1 The alternative method and its original validation
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Currently, there are several procedures that can be used to characterise WDR exposure in locations
without simultaneous records of hourly climatic data, all of them based on solid physical bases [9, 31-32].
Nevertheless, 1SO standard 15927-3 supports an alternative calculation method that assesses the interval
during which the facade is wet due to WDR (hereafter referred to as the ‘wetting period”) [11]. The
amount of water impinging on the facade is not determined, which diminishes the physical sense of this
alternative method. In any case, it is supposed that the severity of these wetting periods should show a
good correlation with the results of the reference method (149 and Isy values), making this method a

functional and reliable alternative.

This alternative calculation analyses climatic data at half-day intervals, from 06 to 18 and from 18 to 06
hours. For one of these intervals to be considered a wetting half-day on the analysed fagade orientation

(assigning a value of +1), the following thresholds must be surpassed:

- There is more than 4 mm of precipitation.

- The mean wind speed is greater than 2 m/s.

- The average wind direction is within £ 60° of the perpendicular to the fagade orientation 6.

- The present weather code reports some precipitation for at least three of the five records of the half-

day (at 06:00, 09:00, 12:00, 15:00, 18:00, and 18:00, 21:00, 00:00, 03:00 and 06:00, respectively).

For a half-day to be considered drying or evaporative (assigning a value of -1), the following

environmental conditions must be recorded:

- The average atmospheric relative humidity is lower than 70%.
- The mean wind speed is greater than 2 m/s.

- The average wind direction is within £ 60° of the perpendicular to the analysed facade orientation 6.

The half-days that do not meet these conditions are considered neutral half-days (value of 0), with an

indeterminate evaporative and wetting potential. With all available half-days characterised in this way



(+1, -1, and 0), a cumulative time series is elaborated for each location and facade orientation, assuming
that the fagade cannot be dried below the initial level of the series (i.e., the cumulative sum has a
minimum value of 0) [11]. For each year and each possible facade orientation 8, the maximum
accumulated value must be identified (i.e., the maximum sum of wetting half-days in a single wetting

period), which is representative of the most severe wetting period of the year.

To obtain a single reference exposure value, the maximum accumulated value that can be expected in 10
years for each orientation is calculated. To achieve this, an extreme value analysis (Gumbel distribution)

is applied to calculate the value linked to a 10-year return period (Eq. 4) [33-34].

x=u,~4,(In(~In(1-P(x= 7)) =u, - 5, (In(—ln(l— — perliod (years)m @

This general equation expresses the probability P that a given value y of the variable x (in this case the
maximum accumulated value) is exceeded during a particular year, where ux and Sx are the mode and the
dispersion parameters of the distribution, respectively. Thus, in this case, both parameters depend only on
the yearly maximum accumulated values and the number of years considered. This probability P(x>y) is
inversely proportional to the return period associated with the value y. For example, the annual

probability of exceeding a value of the variable associated with a 10-year return period is 0.1.

It is worth clarifying that for the original validation of this alternative method, which was performed in
British locations and represented in Informative Annex D of the ISO standard, not even the previous
calculation criteria were applied (Fig. 1): on the Y-axis, the 90" percentile value of the 1. indices and the
93" percentile value of the Is indices were represented; on the X-axis, the 90" percentile value of the

yearly maximum accumulated values during wetting periods was used [18].



Figure 1. Coefficients of determination identified for the original validation carried out in London
(Heathrow), Manchester (Ringway), and Edinburgh (Turnhouse). Data obtained from IEA-Annex 41 and

verified with Figures D.1 and D.2 of ISO standard 15927-3.

To analyse the equivalence between both methods in the scatter plots, a common R? measure of
goodness-of-fit (coefficient of determination) has been determined [35]. The closer its value is to 1, the
better the approximation between the results of both methods. In turn, the representation of the regression
line also allows intuitive appreciation of the distance of the results that are scattered around the graphs.
The same method of examination will also be maintained later to compare the reliability of the other

methodological interpretations proposed.

As seen in Fig. 1, the joint R? values obtained for the British cities analysed are not very high, and there
are also significant differences if each location is analysed separately. Further, considering the insufficient
number of points represented, a rigorous analysis of the convergence between both methods is still

pending.

3. Methodology

Although the alternative method aims to determine the number of wetting half-days accumulated in a
single wetting period (i.e., wetting period severity), the 1ISO standard does not establish any rule to define
the end of these wetting periods. Further, the definition applied for the spell of the reference method is not
applicable because it is based on hourly records. Logically, the duration of these periods affects the

number of wetting half-days accumulated in them.



After a detailed analysis of the working documents developed for IEA-Annex 41, it could be deduced that
for the original validation performed between the two methods (Informative Annex D of standard 1SO
15927-3 and Fig. 1), the wetting periods on each facade was arbitrarily considered to have ended after the
occurrence of a single drying half-day. This means the value of the cumulative series returned to 0 when a
value of -1 occurred [18]. In this sense, it is debatable that a single drying half-day can compensate for the
facade moisture acquired from the previous WDR. For example, each spell of the reference method

requires 96 consecutive hours without rain on the fagade to be considered finished.

Therefore, other possible methodological interpretations that are compatible with the approach of the ISO

standard can be proposed (Table 1):

A) The cumulative series returns to 0 when there are 8 half-days without +1 values, thus considering an

approach analogous to that established for the spell of the reference method.

B) Each wetting period ends when a number of drying half-days equal to the previous wetting half-days

has been accumulated, thus assuming an equivalent and opposite effect for both types of half-days.

Table 1. Summary of the methodological interpretations considered for the reanalysis of the alternative

method.

As shown graphically in Fig. 2 for one of the Spanish locations analysed in this study, the methodological
interpretation assumed by each practitioner can significantly alter the results obtained by using this

alternative method.



Figure 2. Accumulated wetting half-days on a specific facade of Pazuengos (La Rioja) during 2008,
considering three different interpretations for the wetting period length. The periods end on a drying half-
day (original validation in ISO annex); A) upon 8 non-wetting half-days; and B) when the number of

drying and wetting half-days are equal.

Considering all the above, the 14 and Iy values will be determined in 12 Spanish sites subjected to varied
climatic conditions, considering up to 24 different facade orientations in each location (15° intervals).
Taking these results based on hourly data as a reference, each of the three interpretations proposed for the
alternative method will be applied (see Table 1) to identify the most accurate and reliable one. To favour
a more coherent comparison between the two methods, the I results will also be calculated through an
extreme value analysis (Gumbel distribution, Eq. 4) to homogenise the statistical estimation of both
methods and obtain more realistic results of the worst spell that can occur every 3 years (i.e., 3-year return
period, Table 2). Finally, a general methodological improvement for the alternative method will be

proposed to reach better agreement with the reference method.

Table 2. Example of the summary of the highest annual I’sy values at the Calahorra station and the

Gumbel distribution parameters required for the calculation of the I reference value.

3.1 Reference for comparison: Wind-driven rain results based on hourly data

The 12 selected sites are distributed across three Spanish regions characterised by different climates and
WDR exposures [20-21]. The main characteristics of these weather stations and their 1.4 and sy results

based on hourly data are summarised in Fig. 3.
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The sites analysed in the Canary Islands are located on four islands of the archipelago (Tenerife,
Fuerteventura, La Gomera and Gran Canaria), which are near the coast and at an altitude less than 100 m.
Hot semi-arid and hot desert climates predominate, with a mean annual rainfall that only reaches 72
mm/year (Pozo Negro station). In addition, the mountainous topography of the islands influences the
direction of the prevailing winds, causing the most exposed fagade orientations to vary at each station. For
the WDR analysis, 30-min records of wind velocity and rainfall intensity, collected over 10 years (2008-
2017) have been used [36]. These 30-min data were grouped to obtain the hourly data required by the
reference method (Egs. 2-4). The records showed occasional discontinuities due to maintenance and

system failures, with a maximum of 6.12% of missing data at the VVecindario station.

The four locations of La Rioja (interior of the Iberian Peninsula) are located at higher altitudes, ranging
from 328 m in Calahorra to 1,299 m in Pazuengos. Located in the Ebro river valley and its surrounding
mountains, these stations are characterised by a dominant wind blowing from the North/Northwest as a
consequence of the pressure gradients between the Bay of Biscay and the Mediterranean Sea [37]. In
general, these sites present a temperate oceanic climate, with moderate rainfall amounts ranging from 406
mm/year (Calahorra and Cabreton) to 598 mm/year (Pazuengos). Again, 30-min records gathered
between 2008 and 2017 have been analysed, and these records have been grouped to form hourly data

[38].

The low-pressure areas that frequently cross Galicia (in the far northwest of the Iberian Peninsula)
generate South/Southwest prevailing winds from the Atlantic Ocean that increase the rainfall of these
stations (up to 1,734 mm/year in Tui station) [39]. The stations of Tui (Mt. Aloia) and Malpica de
Bergantifios are near the coast, while A Fonsagrada and Verin (Vilamaior) are located inland and at
higher altitudes. All stations generally have a warm Mediterranean climate, which is greatly influenced by
the proximity of the ocean. In this region, 10-min records, which have been carefully grouped to form
hourly series, are available [40]. The quality of these 10-min records (also compiled between 2008 and

2017) is excellent, with only 0.09% of missing data at the Verin (Vilamaior) station.
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Figure 3. WDR exposure results based on hourly climatic data (1.9 and lss values) for the 12 analysed
weather stations (degrees from the North): Canary Islands (top), La Rioja (centre), and Galicia (bottom).

Their main characteristics and locations are also shown.

The stations with greater WDR exposures are in Galicia (Tui, 1,505 mm/year for orientation 225° and
Malpica de Bergantifios, 644 mm/spell for orientation 270°). In Galicia, the directional exposure is also
consistent with the prevailing winds during low-pressure events. In contrast, the less exposed stations are
identified in the Canary Islands (Pozo Negro station, 24 mm/year and 20 mm/spell for the orientation
270°), as a consequence of their low precipitation. In all stations, the directional distribution of the I
values coincides with that of the 14 values, presenting minimal orientation differences for the most

exposed fagades (Fig. 3).

In the La Rioja stations, the difference between the stations of Calahorra and Cabretén stands out because,
despite their identical average rainfall (406 mm/year), they show very different 1o and Isy values as a
result of their different wind exposures. A similar effect is also observed at the Galician station of Verin
(Vilamaior), which presents a WDR exposure that is much lower than that of other Galician stations (as

Malpica de Bergantifios, with a mean wind speed of 6.40 m/s).

4. Reanalysis of the alternative method, considering different methodological interpretations

From the same 10-min and 30-min records used with the reference method, the necessary climate series
(precipitation values, average wind speed, average wind direction, atmospheric relative humidity, and

occurrence of precipitation in intervals of 3 to 12 h) have been developed to apply the alternative method.
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In this way, any discrepancy between the baseline data used by both methods is avoided. All results
obtained by means of the alternative method for each fagade orientation, location, and possible
methodological interpretation are shown, given their extension, in the supplementary material to this

publication and graphically in Fig. 4.

Figure 4. WDR exposure characterisation based on different interpretations of the alternative method

(accumulated wetting half-days), for the 12 Spanish weather stations (degrees from the North).

4.1 Original validation: Each facade wetting period ends when a drying half-day occurs

The interpretation originally used to validate the alternative method (IEA-Annex 41) assumes that the

occurrence of any drying half-day ends the wetting period, resetting the cumulative sum of wetting half-
days to 0 [11, 18]. This contrasts with the 96 h without WDR necessary to finish a spell and discards the
possibility that the accumulated dampness on the facade can be re-established shortly thereafter with the

appearance of new wetting half-days.

The application of this interpretation at the 12 Spanish locations confirms its insufficient convergence
with the results of the reference method: the linear regressions identified at the sites offer an average
coefficient of determination R? of 0.6976 for the 1.9 values and of 0.6863 for the s values (Fig. 5). This
average goodness-of-fit is comparable to that originally identified at the three British locations (review
Fig. 1) and can cause important errors in the characterisation of the WDR exposure using the alternative
method. In this way, the maximum expected accumulated value for a 10-year return period is identified at
the Tui station (Mt. Aloia), reaching 91.52 wetting half-days for the 240° orientation (Fig. 4). In contrast,
at the Pozo Negro station, a maximum value of only 1.88 half-days is expected before a drying half-day

evaporates the moisture of the facade (orientations 255° to 330°).
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In addition, the results of the 12 stations have been represented together to obtain a best-fit relationship
between the reference values of accumulated wetting half-days and the 14 and s, values (notice both joint
graphs in Fig. 5). As observed, neither relationship is sufficiently reliable to reveal a general extrapolation
between the results of both methods (joint R? values of 0.8033 and 0.7198), which is evidence for the

important differences between the linear regressions of each station.

Figure 5. Coefficients of determination identified for the 12 analysed weather stations by applying the

original approach supported by Informative Annex D of ISO 15927-3.

4.2 Interpretation A: Each facade wetting period ends when there are 4 days without wetting half-days

In this case, an analogous pattern to the spell considered by the reference method is proposed: the
cumulative sum of wetting half-days is reset with the arrival of 8 half-days without a +1 value. Every
half-day and for each facade orientation, the results of 8 half-days (the current and the next 7) have been
analysed. If none of them was equal to +1, the cumulative sum for this half-day was returned to 0, thus
finishing any previous wetting period. Although it is debatable whether 96 h is an ideal interval to
guarantee the evaporation of moisture from any type of facade in any climate, at least this approach would

standardise the definition of wetting period considered throughout the ISO standard.

In general, this interpretation identifies wetting periods equal to or less severe than the previous
interpretation in all locations. Tui station (210° orientation) presents the maximum accumulated value (for
a 10-year return period), reaching up to 14.73 wetting half-days (Fig. 4). Again, Pozo Negro presents the
lowest results, reaching a maximum of 1.88 wetting half-days for facade orientations between 255° and

330°.
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The regression analysis (Fig. 6) shows how this interpretation improves the equivalence between the two
methods in several locations: the average R?value of the 1o values improves significantly (reaching
0.7713) and slightly in relation to the Is values (0.7157). In any case, the disparity between the linear
regressions of each location is maintained, which precludes a reliable general expression to extrapolate
the results of both methods anywhere (joint R? value of 0.7524 and 0.6620 for the 14 and s values,

respectively).

Figure 6. Coefficients of determination identified for the 12 analysed weather stations by applying

Interpretation A.

4.3 Interpretation B: Each fagade wetting period ends when the drying half-days cancel out the

cumulative sum of previous wetting half-days

In this case, it is proposed that the end of each wetting period occurs when the cumulative sum of wetting
half-days returns to 0 by the occurrence of an equivalent number of drying half-days. This approach can
mean that in locations with few drying half-days (as in the case of Galicia), the wetting periods are
prolonged indefinitely, without the cumulative sum ever returning to 0. To solve this issue, the
cumulative sum is considered to restart at the beginning of each year, thus characterising the annual

wetting conditions in a differentiated manner.

Regarding the previous interpretations, this approach increases the severity of the wetting periods in
stations with rainy climates and causes few significant changes in dry weather stations (Fig. 4). Thus,
sums of up to 105.84 wetting half-days at Tui station (210°) are identified, with Pozo Negro being the
station with the less severe periods (again a maximum of 1.88 wetting half-days, 255°-330° from the

North).
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This simple compensation between the wetting and drying half-days provides a general improvement in
equivalence with the reference method (Fig. 7), especially in relation to the s, values (reaching an
average R? value of 0.7775). There is also greater homogeneity between the linear regression of the
locations, which enables two general expressions that reasonably accurately extrapolate the 14 and lss
values of any location from the alternative method result to be obtained (joint R? of 0.9118 and 0.8703,

respectively).

Figure 7. Coefficients of determination identified for the 12 analysed weather stations by applying

Interpretation B.

5. Discussion and improvement proposal

The disparity of the previous results demonstrates the need to review standard 1SO 15927-3 to clarify the
procedure that should be followed to quantify the length of the wetting periods. In turn, although
Interpretation B increases the reliability and precision of the alternative method, it still does not guarantee
adequate equivalence with the reference method in any situation (some poor correlations persist, such as
Calahorra, Pazuengos and Vecindario). Therefore, it is necessary to propose a hew methodological

improvement that can ensure greater reliability of this alternative method in any situation.

5.1 Improvement proposal for the alternative method

Conceptually, it is reasonable to assume that the annual WDR exposure is related to the number of
wetting half-days at the location. For this reason, the annual number of wetting half-days expected for a
10-year return period has been determined on each fagade orientation of the 12 Spanish sites analysed

(Fig. 4). For this calculation, the number of wetting half-days recorded each year in each orientation have

16



been counted, thus avoiding the definition of wetting periods and any cumulative sum. These annual
totals are used as the distribution for applying Eq. 4 (analogously to the example presented in Table 2 and

to the one carried out with the other methodological interpretations).

Tui (Mt. Aloia) presents the highest yearly number of expected wetting half-days, with up to 125.97 half-
days for a fagade orientation of 20°. Cabret6n presents the opposite situation, with only 4.04 wetting half-
days per year expected for the most exposed orientations (300° to 360°). Verin station, despite its high
rainfall, also presents a limited number of expected wetting half-days (only 35.68 for the orientation
180°). This lesser exposure of Cabretdn and Verin is also observed in all possible interpretations of the
alternative method, which suggests that the threshold established for the wind velocity (i.e., greater than 2
m/s) constitutes a methodological obstacle for characterising many wetting intervals in locations with

limited wind exposure.

In any case, a regression analysis confirms that this simple calculation of the expected number of wetting
half-days in a year (for a 10-year return period) can provide a better equivalence with respect to the
reference method compared to any of the previous interpretations of the alternative method. Thus, more
reliable linear regressions are obtained, reaching an average R? value of 0.9226 for the 149 values (Fig. 8).
Despite the obvious climatic differences, up to 9 of the 12 sites have coefficients of determination greater
than 0.9, with a more homogeneous goodness-of-fit among all regions. In addition, the linear regressions
of the locations are very similar, which enables a general expression for extrapolating the results between
the two methods in any situation to be defined with a reasonable accuracy (joint R? value of 0.9273 for

the 1,44 values).

Figure 8. Coefficients of determination identified in the 12 analysed weather stations by considering the

expected annual number of wetting half-days for a 10-year return period.
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This calculation of wetting half-days also provides a better equivalence with respect to the Iy values
(average R? value of 0.8714, with 6 locations with R? values greater than 0.9 and none less than 0.7).
However, the disparity between the linear regressions of some stations makes the joint coefficient of
determination reach a value of only 0.7855, thus preventing a general extrapolation of the Is, values that is

better than that achieved by Interpretation B.

In this sense, Malpica de Bergantifios presents a dispersion of results that is particularly inconsistent with
the general best-fit relationship (see Fig. 8). This disruptive effect is also perceived in Figs. 5-7 for the I
values and slightly for the 14 values. This can be explained by the environmental conditions of the site (in
an exposed headland on the Atlantic coast), which are subjected to short and intense storms that cause
high lss values but also a number of wetting half-days that is comparatively lower than that of the other
stations. These conditions cause their results to be dispersed in regard to those of the other stations,
characterised by more uniform precipitation and a greater number of wetting half-days for a similar
exposure (e.g., A Fonsagrada and Tui). The ISO standard also warns of the possible inconsistencies in its
results in places characterised by strong convective storms. In any case, the proposed methodological
improvement is also capable of providing a particularly high goodness-of-fit between the two methods in

this type of emplacement (R? of 0.9505 in Malpica de Bergantifios for the Isy values).

5.2 Application recommendations

The results obtained for sites subjected to a wide variety of climates allow the following general
recommendations to reformulate the alternative method supported by standard ISO 15927-3, based on

average wind and the present weather code for rain:
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- To characterise both the mean annual WDR exposure and the exposure associated with a period of
WDR, it is more reliable to simply consider the number of expected wetting half-days in a year on
each facade orientation. This approach, in addition to reducing the calculation effort required, offers
greater reliability than any calculation of accumulated wetting half-days.

- Inturn, a general equation has been provided that (preliminarily) enables the establishment of a direct
extrapolation between this number of expected wetting half-days and the 14 value (mm/year) obtained

by the reference method.

In addition, it has been found that the wind speed threshold established by the alternative method to
define a wetting half-day (> 2 m/s) can constitute an obstacle to the correct characterisation of the WDR
exposure in locations with a low wind exposure. In this sense, it is still pending to identify those
thresholds of precipitation, wind speed and relative humidity that would improve the equivalence of the
alternative method (and their variability depending on the site's climate). Additionally, to consider the
influence of new climatic variables such as temperature or solar radiation on moisture evaporation in
facades, and even analyse wind direction records within + 90° of the perpendicular to the facade
orientation @ (instead of the current £ 60°) represent a broad field of research for the future scope of the

present study.

6. Conclusions

The continuous improvement of international standards is a task of great interest in the respective fields in
which these standards are applied and a challenge for researchers. The alternative method supported by
the international standard 1SO 15927-3 provides a necessary tool to characterise the WDR exposure in
locations without exhaustive hourly climatic data. This research has demonstrated the need to reformulate
this alternative method—not only to clarify its calculation methodology but also to improve its reliability

and accuracy. By analysing the results obtained through different methodological interpretations, an
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improvement for this method that is capable of increasing its general convergence with respect to the

reference method based on hourly climate data has been proposed.

The reanalysis performed on a representative number of facade locations and orientations subjected to
different WDR exposures confirms that the proposed reformulation would enable (i) a more precise
characterisation of the WDR exposure from average wind records and the present weather code and (ii)
the establishment of general extrapolations that allow calculation of the 14 values with reasonable

accuracy from the results of the reformulated alternative method.

The proposed methodology change, based on the simple calculation of the expected yearly number of
wetting half-days for a 10-year return period at each location and facade orientation (without any
cumulative sum), constitutes an essential and necessary improvement for the standard 1SO 15927-3. This
minimises the uncertainty associated with a calculation procedure supported by an international standard.
Its implementation enables a simpler calculation and a more reliable characterisation of the WDR
exposure in locations with limited climatic records, thus enabling the use of more appropriate building

facade designs in these locations.
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Buenavista del Norte (Canary Islands)

0/360 15 30 45 60 75 90 105 120 135 150 165 180 195 210 225 240 255 270 285 300 315 330 345
Ino values. Reference method. 11.29 19.85 30.24 39.87 48.00 53.80 56.99 57.91 56.94 56.08 54.72 51.95 49.95 50.88 51.53 49.97 46.21 40.25 32.60 24.35 16.49 11.50 9.04 8.29
Iss values (3-year return period). Reference method 6.28 9.66 14.54 19.11 2317 25.95 30.76 3131 30.27 30.04 32.40 34.91 34.78 37.10 38.33 37.59 34.43 29.16 22.44 15.77 9.81 6.30 517 5.20
Accumulated wetting half days (10-year return period). Original validation 115 220 3.36 3.87 3.87 3.87 397 3.89 3.48 3.09 2.99 3.39 3.39 3.39 3.39 3.66 3.66 3.57 281 174 0.94 115 0.94 0.94
Accumulated wetting half days (10-year return period). Interpretation A 115 148 3.36 3.62 3.62 3.62 3.62 357 3.09 2.58 2.39 3.16 3.28 3.28 3.28 3.28 3.28 3.28 2.64 131 0.94 115 0.94 0.94
Accumulated wetting half days (10-year return period). Interpretation B 115 2.09 3.36 3.87 3.87 3.87 397 3.89 3.48 3.09 2.88 3.28 3.28 3.39 3.39 3.39 3.39 3.28 264 174 0.94 115 0.94 0.94
Expected annual number of wetting half days (10-year return period) 115 297 531 7.08 7.08 6.75 7.15 7.05 6.79 6.69 5.39 6.58 7.75 7.68 8.23 7.61 7.61 727 5.15 3.44 2.09 115 0.94 0.94

Pozo Negro (Canary Islands)

0/360 15 30 45 60 75 90 105 120 135 150 165 180 195 210 225 240 255 270 285 300 315 330 345
Ixs values. Reference method. 1410 1198 1028  9.69 9.24 8.78 8.35 7.78 766 7.46 7.55 8.49 990 1200 1451  17.84 2076  22.88 2408 2406 2337 2154 1904 1661
Iso values (3-year return period). Reference method 8.92 7.10 6.13 5.72 5.50 538 552 5.64 6.39 7.37 8.33 9.32 1033 1180 1367 1613  17.95 1922 1967 1933 1852 1662 1407 1146
Accumulated wetting half days (10-year return period). Original validation 142 0.65 0.94 0.65 0.65 0.65 0.65 115 131 131 115 115 131 131 174 1.63 174 1.88 1.88 1.88 1.88 1.88 1.88 151
Accumulated wetting half days (10-year return period). Interpretation A 142 065 0.94 0.65 0.65 0.65 0.65 0.94 115 115 0.94 0.94 115 131 1.74 1.63 174 1.88 1.88 1.88 1.88 1.88 1.88 151
Accumulated wetting half days (10-year return period). Interpretation B 142 0.65 0.94 0.65 0.65 0.65 0.65 0.94 115 115 0.94 0.94 115 131 174 1.63 174 1.88 188 1.88 1.88 1.88 1.88 151
Expected annual number of wetting half days (10-year return period) 214 065 0.94 0.65 0.65 0.65 0.65 0.94 115 115 0.94 0.94 115 174 311 364 3.98 483 4.83 493 493 429 351 265

S. Sebastian de la Gomera (Canary Islands)

0/360 il 30 45 60 75 90 105 120 135 150 165 180 195 210 225 240 255 270 285 300 315 330 345
Ino values. Reference method. 37.72 30.77 24.10 21.20 26.17 32.93 38.40 41.65 42.38 40.60 36.70 30.90 2353 15.35 8.50 6.49 13.35 22.88 31.80 38.95 43.77 45.97 45.69 42.90
Iss values (3-year return period). Reference method 21.93 17.54 14.46 15.68 21.26 27.94 33.42 3277 33.25 3167 28.38 23.73 22.47 15.33 8.94 5.02 7.62 13.44 19.16 23.63 26.63 27.99 27.64 25.55
Accumulated wetting half days (10-year return period). Original validation 319 3.65 2.56 4.16 6.46 5.40 377 4.27 4.04 3.92 3.64 244 183 131 115 0.00 0.00 217 2.84 3.19 3.19 3.19 3.19 3.19
Accumulated wetting half days (10-year return period). Interpretation A 3.19 3.00 131 142 188 3.03 3.03 3.03 2.85 2.64 241 151 131 115 0.94 0.00 0.00 191 219 2.84 2.84 2.84 2.84 2.84
Accumulated wetting half days (10-year return period). Interpretation B 319 3.65 2.08 214 3.20 379 379 429 4.05 3.92 3.61 241 174 115 0.94 0.00 0.00 219 2.84 3.19 3.19 3.19 3.19 3.19
Expected annual number of wetting half days (10-year return period) 5.81 5.58 2.56 3.74 417 5.03 5.48 5.99 5.75 5.03 4.62 351 2.08 163 0.94 0.00 0.00 281 4.74 5.13 5.59 5.59 5.59 5.59

Vecindario (Canary Islands)

0/360 15 30 45 60 75 %0 105 120 135 150 165 180 195 210 225 240 255 270 285 300 315 330 345
e values. Reference method. 1776 1915 1941 1849 1644 1341 967 5.73 314 438 932 1682 2453 3083 3519 37.31 3700 3432 2951 2314 1694 1361 1338 1542
Isa values (3-year return period). Reference method 9.01 9.47 9.36 8.66 7.59 6.06 4.29 2.47 211 3.82 8.50 1487 2121 2631 2973 3117 3054  27.89 2390 1851 1281 8.19 6.79 7.97
Accumulated wetting half days (10-year return period). Original validation 191 191 191 191 155 115 0.65 0.00 0.00 0.94 115 243 248 2.63 2.63 2.63 2.63 2.74 274 1.88 174 1.88 1.88 191
Accumulated wetting half days (10-year return period). Interpretation A 191 191 191 191 155 115 0.65 0.00 0.00 0.65 0.94 191 2.10 231 231 231 231 2.39 2.39 1.88 1.74 1.88 1.88 1.91
Accumulated wetting half days (10-year return period). Interpretation B 191 191 191 191 155 115 0.65 0.00 0.00 0.65 0.94 219 231 248 248 248 2.48 2.58 2.58 1.88 174 1.88 1.88 191
Expected annual number of wetting half days (10-year return period) 219 219 219 219 191 115 0.65 0.00 000 065 0.94 2.65 3.87 457 457 464 464 469 469 336 174 188 2.4 219

Agoncillo (La Rioja)

0/360 15 30 45 60 75 90 105 120 135 150 165 180 195 210 225 240 255 270 285 300 315 330 345
Ire values. Reference method. 67.15 58.01 53.78 53.19 53.11 51.75 48.18 42.88 36.67 30.49 25.32 2318 28.40 41.39 60.42 82.64 103.37  119.38 12858 130.57 125.68 114.75 99.08 81.42
Isa values (3-year return period). Reference method 19.97 20.07 20.32 18.09 18.22 17.77 16.27 14.02 11.39 8.68 8.23 9.55 11.00 14.00 21.25 27.36 33.92 38.89 41.66 43.62 41.24 37.07 3115 24.61
Accumulated wetting half days (10-year return period). Original validation 3.65 357 361 3.36 3.36 3.08 3.08 3.08 2.99 219 115 115 0.94 142 4.90 4.77 5.29 5.29 5.27 5.27 5.27 5.27 4.19 2.74
Accumulated wetting half days (10-year return period). Interpretation A 3.65 183 1.83 183 1.90 1.90 1.90 1.90 154 151 115 115 0.94 1.42 3.09 3.89 4.16 4.16 4.19 4.19 4.19 4.19 2.83 1.83
Accumulated wetting half days (10-year return period). Interpretation B 265 258 2.88 248 2.58 2.58 2.58 2.58 2.39 1.88 115 115 0.94 142 4.86 5.04 571 5.62 5.60 5.60 5.60 5.60 4.50 2.74
Expected annual number of wetting half days (10-year return period) 3.51 4.44 5.40 517 5.51 517 4.92 4.90 4.86 3.03 115 115 0.94 183 7.21 10.74 14.37 14.43 14.56 14.74 15.18 15.22 12.96 6.04

Calahorra (La Rioja)

0/360 15 30 45 60 75 90 105 120 135 150 165 180 195 210 225 240 255 270 285 300 315 330 345
Ino values. Reference method. 77.00 48.10 29.45 24.95 28.60 34.12 39.27 43.13 45.57 46.42 45.83 43.72 40.73 39.60 49.30 7179 99.24 12375 14178 15153 15248 14455  128.49 105.28
Iss values (3-year return period). Reference method 20.75 13.01 8.88 7.73 8.86 11.53 14.03 15.80 16.93 17.16 16.56 15.31 14.10 12.91 14.10 18.58 2717 34.95 40.88 44.14 44.47 42.03 37.14 29.69
Accumulated wetting half days (10-year return period). Original validation 3.39 1.90 1.88 155 183 3.09 3.89 3.48 3.20 3.20 3.20 3.20 2.39 214 115 248 4.46 3.88 3.88 3.88 3.88 3.88 3.88 3.81
Accumulated wetting half days (10-year return period). Interpretation A 3.28 1.54 151 1.55 1.90 183 2.10 2.10 2.10 2.10 2.10 2.10 1.54 1.42 115 1.83 3.14 3.44 3.44 3.44 3.44 3.44 3.44 314
Accumulated wetting half days (10-year return period). Interpretation B 3.28 1.90 1.88 155 1.90 3.16 3.57 3.09 274 274 274 274 217 1.83 115 2.74 4.36 3.96 3.96 3.96 3.96 3.96 3.96 3.84
Expected annual number of wetting half days (10-year return period) 7.49 2.81 1.88 155 3.33 4.61 5.04 4.79 4.79 4.79 4.79 4.79 3.66 261 115 4.11 10.12 13.05 13.40 13.58 13.80 14.23 14.07 13.42

Cabretén (La Rioja)
0/360 15 30 45 60 75 90 105 120 135 150 165 180 195 210 225 240 255 270 285 300 315 330 345
I values. Reference method. 57.12 52.34 44.56 34.59 24.10 15.55 11.55 11.79 14.48 17.45 20.02 21.90 22.90 22.88 21.87 20.21 19.02 20.10 25.43 34.05 43.61 51.46 56.59 58.54



Iss values (3-year return period). Reference method

Accumulated wetting half days (10-year return period). Original validation
Accumulated wetting half days (10-year return period). Interpretation A
Accumulated wetting half days (10-year return period). Interpretation B
Expected annual number of wetting half days (10-year return period)

Ino values. Reference method.

Iss values (3-year return period). Reference method

Accumulated wetting half days (10-year return period). Original validation
Accumulated wetting half days (10-year return period). Interpretation A
Accumulated wetting half days (10-year return period). Interpretation B
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Table 1. Summary of the methodological interpretations considered for the reanalysis of the alternative
method.

Table 2. Example of the summary of the highest annual I’s, values at the Calahorra station and the
Gumbel distribution parameters required for the calculation of the I, reference value.



Table 1

Table 1.
Summary of the methodological interpretations considered for the reanalysis of the alternative
method.

Guideline to consider a wetting period finished*  Methodology justification

Originally used to validate the alternative method (IEA-

Original validation It ends when a single drying half-day occur Annex 41 and Informative Annex D of 1SO standard)
Interpretation A It ends before 8 non-wetting half-days occur Similar approach to the spell of the reference method
It ends when the cumulative sum returnsto 0O and in  An opposite and cumulative effect of wetting and

Interpretation B any case, at the beginning of a new year drying half-days is considered

(*) The value of the cumulative series resets to 0, until the beginning of a new wetting period (occurrence of a +1 value). The
cumulative sum has a minimum value of 0.



Table 2

Table 2.

Example of the summary of the highest annual 7’s, values at the Calahorra station and the
Gumbel distribution parameters required for the calculation of the Is, reference value.

Calahorra station (La Rioja): North orientation (0°/360°)
42.33408° / -2.00188° (Decimal Degrees)

Year Méaximum I’sp value (mm/spell) Year Méaximum I’sp value (mm/spell)
2008 21.562 2013 32.918
2009 16.145 2014 25.795
2010 7.799 2015 18.382
2011 5.652 2016 16.588
2012 17.996 2017 11.433
Magnitude Value Comment

N 10 Number of x; data (2008-2017).

X 17.4271 Data average: )_( = Z %

ox 7.7328 Standard deviation: . _ /Z(xi &)7

X N
Uy 0.4952 Data average of 1 to N y; values (reduced variable): Y, =-— In(In(N +/)
1
(Only depends on N value)
ay 0.9496 Standard deviation of 1 to N y; values (reduced variable): y; = — In(In( +/)
1
(Only depends on N value)
Uy 13.3946 Mode: —yx_y X
y Gy
Px 8.1430 Dispersion parameter: B= Ox
Oy

lso

20.7455

Reference value associated with a 3-year return period (Eq. 4)




Figure captions

Figure captions

Figure 1. Coefficients of determination identified for the original validation carried out in London
(Heathrow), Manchester (Ringway), and Edinburgh (Turnhouse). Data obtained from IEA-Annex 41 and
verified with Figures D.1 and D.2 of ISO standard 15927-3.

Figure 2. Accumulated wetting half-days on a specific facade of Pazuengos (La Rioja) during 2008,
considering three different interpretations for the wetting period length. The periods end on a drying half-
day (original validation in 1ISO annex); A) upon 8 non-wetting half-days; and B) when the number of
drying and wetting half-days are equal.

Figure 3. WDR exposure results based on hourly climatic data (140 and 15y values) for the 12 analysed
weather stations (degrees from the North): Canary Islands (top), La Rioja (centre), and Galicia (bottom).
Their main characteristics and locations are also shown.

Figure 4. WDR exposure characterisation based on different interpretations of the alternative method
(accumulated wetting half-days), for the 12 Spanish weather stations (degrees from the North).

Figure 5. Coefficients of determination identified for the 12 analysed weather stations by applying the
original approach supported by Informative Annex D of ISO 15927-3.

Figure 6. Coefficients of determination identified for the 12 analysed weather stations by applying
Interpretation A.

Figure 7. Coefficients of determination identified for the 12 analysed weather stations by applying
Interpretation B.

Figure 8. Coefficients of determination identified in the 12 analysed weather stations by considering the
expected annual number of wetting half-days for a 10-year return period.
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Fig. 1. Coefficients of determination identified for the original validation carried out in London (Heathrow),
Manchester (Ringway), and Edinburgh (Turnhouse). Data obtained from IEA-Annex 41 and verified with
Figures D.1 and D.2 of ISO standard 15927-3.



Figure 2

—_ =
(=N S
1 y

Original validation

== S eA ]
1

L —L

Cumulative sum of wetting half-days

Annual maximum value ---------

e

1/1/2008

on A

_

o L
)

Interpretati

S N B~ O 0
1

1 I

31/12/2008

fffffffff Annual maximum value {l MII ﬂ” Il

L1

1/1/2008

—_
[=J ]
L )

Interpretation B

S N B~ O
L

11 I !—rH_J_\

31/12/2008

Annual maximum value -

1/1/2008

31/12/2008

Sequence of half-days (2008, Pazuengos -La Rioja-, 285° from the North)

NN
N .

Fig. 2. Accumulated wetting half-days on a specific facade of Pazuengos (La Rioja) during 2008,
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Fig. 3. WDR exposure results based on hourly climatic data (/44 and /gy values) for the 12 analysed
weather stations (degrees from the North): Canary Islands (top), La Rioja (center), and Galicia
(bottom). Their main characteristics and locations are also shown.
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Fig. 4. WDR exposure characterisation based on different interpretations of the alternative method
(accumulated wetting half-days), for the 12 Spanish weather stations (degrees from the North).
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Fig. 5. Coefficients of determination identified for the 12 analysed weather stations by applying
the original approach supported by Informative Annex D of ISO 15927-3.
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Fig. 6. Coefficients of determination identified for the 12 analysed weather stations by applying

Interpretation A.
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Fig. 7. Coefficients of determination identified for the 12 analysed weather stations by applying

Interpretation B.
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Fig. 8. Coefficients of determination identified in the 12 analysed weather stations by considering the
expected annual number of wetting half-days for a 10-year return period.



