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Abstract 
 

 

 Premature failures of building envelopes in the 1990's, notably in coastal areas of North America, 

point to problems with Moisture management by Exterior Wall Systems (MEWS). The MEWS 

Consortium1, comprising industry and research partners led by IRC, sought to combine field experience 

                                                           
* Corresponding author 
1 MEWS is joint research project between IRC- NRC Canada and the following external partners: 

Louisiana Pacific Corporation, Marriott International Inc., Fortifiber Corporation, EIFS Industry Members 

Association, EI DuPont de Nemours & Co., Canadian Wood Council, Fiberboard Manufacturers Assn., 
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with lab testing and hygrothermal modeling to understand and deal with these problems. The method 

proposed in this paper was used in MEWS to 1) characterize climate with respect to the risk of moisture 

related building envelope problems, 2) select locations of interest for a detailed hygrothermal parametric 

study, and 3) to select moisture reference years for the parametric study (not covered in this paper). This 

paper describes a method proposed for mapping North American climatic regions according to moisture 

loading on one hand, and the potential for drying on the other. The composite Moisture Index can be used 

either with hourly records or summary data, and shows promise for application to specific problems, such 

as decay or corrosion, depending on the nature and mechanisms of the problem being investigated. 

 

Keywords: wall moisture; annual rainfall; climate classification; rain wetting; drying potential; moisture 

index; driving rain; directional driving rain index; decay hazard;  

 

Review 
 

 

Approaches to Climate Classification for Construction 

 

 There are several different schemes for classifying the world's climate, most of them possessing 

genuine merit. Almost all of the schemes of climate classification have subdivisions and boundaries partly 

based upon temperature and rainfall parameters which are not meaningful in themselves, but have 

significance in terms of some non-climatic feature, such as vegetation or human habitability. If one 

disregards non-climatic phenomena, it is difficult to provide meaningful temperature-rainfall limits of 

climatic types. The majority of classification schemes, therefore, are of an applied character. One basis for 

grouping climate schemes is to divide them into genetic (concerning origin) and empirical types. In genetic 

classifications an attempt is made to group climates into the causative factors (e.g. air masses, wind zones) 

that may be responsible for them. In empirical classifications, origin is discarded as an organizing principle, 

and observation and experience provide the essential elements for climatic differentiation. The Köppen 

classification scheme represents a combined genetic-empirical classification. A modified version is given 

by Trewartha [1]. 

 

Traditional climate classifications, although useful, are too coarse to be used for our purposes. They are 

also biased toward agriculture and human habitability. There are more refined measures specifically related 

to building and construction. 

 

The Driving-Rain Index and Derivations 

 

 A long-standing measure of potential rain ingress through walls is the driving-rain index, initiated 

by Hoppestad [2]. The driving-rain index is simply the product of average wind speed and the total rainfall 

for the year. This is a relative measure of the amount of water passing through a vertical plane. When 

multiplied by a proportionality constant, α, the driving-rain approximates the amount of passing through a 

vertical plane in free field conditions. Coefficients for average amounts of free wind-driven rain have been 

reported by Hoppestad [2], 0.18 s/m, and Lacy, 0.222 m/sec [3]. Straube and Burnett [4] have found that 

this factor can instantaneously range between 0.1 and 0.5 s/m. There are two types of driving-rain index, 

the annual Driving-Rain Index (aDRI) and the directional Driving-Rain Index (dDRI).  

 

aDRI   The aDRI is the product of the sum of horizontal rainfall and average wind speed, each being 

calculated over the year. The relative exposure of various locations can then be compared. Many driving 

rain maps are available. Some examples are given by Boyd [5], Lacy [3], and Underwood [6]. An 

advantage of using aDRI is the simplicity of preparation; only two variables are needed, annual rainfall and 

average wind speed, both commonly available. This method was used in the preparation of Boyd's map. A 

drawback, however, is that using annual averages to estimate aDRI can lead to significant underestimation 

of the exposure when the same calculation is done on an hourly basis, close to 40% in some cases [7][8]. 

                                                                                                                                                                             

Canada, Masonry Canada, Canadian Plastic Industry Association, Canada Mortgage and Housing Corp. 
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The underestimation involved in wind-driven rain assessment has also recently been quantified in an earlier 

paper in the Journal of Thermal Envelope and Building Science, by Blocken and Carmeliet [9] [10]. They 

appeared to have found percentages up to 80% by comparing the use of sub-hourly versus hourly data. It 

has been observed by Choi [8] that wind speeds during rain events are generally higher than wind speeds 

during periods of no rain. The effect of this underestimation on Boyd's map is to raise the lower grading of 

almost all the coastal locations while leaving the exposure grading of most of the continental stations 

unchanged. If we calculate aDRI using hourly values a more exact measure of the driving-rain index is 

obtained.  Cornick [7] shows that when hourly values are used to calculate aDRI the exposure of coastal 

locations is increased relative to the continental stations. 

 

dDRI   The directional Driving-Rain Index is calculated in the same manner as aDRI except that the 

product terms are sorted according to direction. For example the directional Driving-Rain Indices used in 

this paper have been sorted into 8 corridors, each corridor representing a 45º slice of the compass. Each of 

the 8 components of dDRI represents direction as well as magnitude, and is commonly reported using a 

driving-rain rosette. 

 

The directional Driving-Rain Index  can reveal a predominant direction for wind during rainfall. For 

example, two locations may have the same aDRI. In one, most of the wind driven rain may be from one 

direction so a single wall may bear the brunt of the total rain load.  In the other, the wind-driven rain load 

may be distributed around the compass so that each wall would receive only a quarter of the total rain load. 

dDRI differentiates between these cases, but may not always be available since coincident rainfall intensity, 

wind speed and direction, usually at hourly intervals, are required to calculate dDRI. There are many 

examples of directional Driving-Rain Index maps, two of which are given by Underwood [6] and Prior 

[11].  

 

Derivatives of the dDRI - It is possible from climatic data to estimate the rain load passing through a 

vertical surface or the amount of water impinging on a wall. All the empirical methods used to calculate 

wall rain loads are derivatives of the directional Driving-Rain approach. An approach suggested by John 

Straube [12], a derivative of Lacy's [3] original approach, includes the effects of wind speed and direction, 

rainfall intensity, raindrop size, and aerodynamic effects on the amount of water deposited on a vertical 

surface. The annual expected load on a vertical surface can be calculated from hourly wind speed, wind 

direction, and rainfall intensity. The predominant direction is defined as the cardinal orientation, North, 

East, South, or West, that produces the greatest rain load on the wall. Numerical assessment of driving rain 

using Computational Fluid Dynamics is not derivative of the directional driving-rain approach, and these 

numerical methods using analytical potential flow solutions are becoming increasingly important [9], [10], 

[13], [14]. 

 

Incorporating direction provides a clear indication of the distribution of rain loads with respect to direction 

and reflects the loads to which the most exposed wall of a building will be subject. For detailed modeling 

of specific buildings, allowance can be made for various aerodynamic effects. Terrain, topography, 

obstructions (other buildings), and wall location (e.g. top corner) can be considered. This can be done by 

either following the empirical factors specified in the standards BSI 8104 [15] and PrEN ISO 15927 [16], 

or by employing numerical driving rain assessment. What are the drawbacks of methods based on 

directional driving rain? They can only be used when the necessary climatic and aerodynamic information 

is available (a limitation of numerical methods as well). For assessing the moisture management 

capabilities of walls, a more fundamental limitation is the lack of any measure of the potential for the wall 

to dry out. 

 

Temperature and Rainfall 

 

Another approach recognizes that two of the key factors affecting wall durability are temperature 

and moisture. Prolonged exposure to temperatures and moisture beyond certain critical thresholds adversely 

affects the durability of various types of building materials. To that end classifications based on 

temperature and rainfall can be constructed.  
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Rain and Heating Degree Days - Cornick [7] suggests a simple scheme based on a single lower limit on 

rainfall and a single upper limit on the number of heating degree-days2 a rough measure of annual 

temperature. North America is divided into two zones. Zone 2 is defined as a region having an annual 

rainfall of greater than 1100 mm and 5000 heating degree-days or less. All other regions are defined as 

being in Zone 1. Locations that are classified as being in Zone 2 would require special provisions with 

respect to the management of moisture. 

 

Similar zonings based on rainfall and temperatures have been produced and can be found in Lstiburek [17] 

and Russo [18]. Russo's classification is given in Table 1.They are based on heating degree-days or climate 

normal data such as average monthly minimum temperature, and precipitation.  

 

Scheffer - A completely different approach using temperature and rainfall was proposed by Scheffer [19]. 

His objective was to develop a formula to yield an index of the relative climate to promote decay of above 

ground structures with the following requirements:  

 

• the index should be correlated with experimentally observed rates,  

• the index was to use available climate data  

• the index was to use as few elements as possible, and  

• the index was to range from 0 to 100 for rapid recognition.  

 

The result was Scheffer's index: 

 

 Climate index = ∑ [(T - 2) * (D - 3)]/16.7   (1) 

Dec

Jan

 

 Where: T is the mean monthly temperature in oC 

  D is the mean number of days in the month with 0.25 mm or more 

      of precipitation 

 

Decay hazard maps, based on Scheffer's index, have been produced for the United States, Canada, and 

Australia by Scheffer [19], Setliff [20], and Carter [21] respectively. 

 

The definitions of climate regions using these approaches are uncomplicated and use climate data that are 

more-or-less readily available. The drawback in using any of the temperature and rainfall zoning 

approaches is that they do not address the critical questions of rain impact on walls and opportunities for 

drying between wet spells. Except for Scheffer, there is no acknowledgement of the importance of drying 

periods (or conversely wetting periods); that is, does the rainfall occur continuously over long periods or 

are there frequent dry periods when drying can occur? 

 

Notice, however, that the hazard limits set for Scheffer's index discriminate among climate types at the 

most general level (Figure 1). Consider the mechanics of Scheffer's method. It is essentially the sum of the 

product of rainfall and temperature; i.e. the area under the curve of rainfall versus temperature. The areas 

under the curves for Ottawa and Vancouver are almost the same (41 and 45 respectively) and hence they 

are assigned the same relative decay hazard. The climates for Vancouver and Ottawa, however, are 

distinctly different. Note the pattern of rainfall and temperature for both cities shown in Figure 2a and 2b. 

In Vancouver the average monthly temperatures are all above zero whereas Ottawa has four months below 

zero. Vancouver is characterized by a winter rainfall pattern while Ottawa has a summer rainfall pattern. 

 

                                                           
2
 Heating Degree-Days - Degree-days for a given day represent the number of Celsius degrees that the 

mean temperature is above or below a given base. For example, heating degree-days are the number of 

degrees below 18º C. If the temperature is equal to or greater than 18, then the number will be zero. Values 

above or below the base of 18º C are used primarily to estimate the heating and cooling requirements of 

buildings. 
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Finally, and again except for Scheffer, the approaches immediately define limits to climate zones rather 

than providing information that characterizes the climates of various locations and allowing others to use 

that information to decide where the boundaries to climate zones might be drawn. 

 

 

Climate Zoning Using a Moisture Index Approach 
 

 

A Moisture Index 
 

A more sophisticated approach to climate classification is based on defining a moisture index. Bailey [22] 

provides a succinct definition of a moisture index. 

 

"A moisture index is a device which allows better comparison of natural landscapes than can be gained 

from the distribution of simple rainfall amounts. Such an index is then a more refined expression of the 

moisture factor in climate than straight rainfall, an advantage claimed for the simple indices proposed by 

De Martonne and others, and clearly demonstrated by Köppen in the various editions of his classification of 

climate." 

 

A moisture index compares wetting and drying, or more specifically, evaporation.  Moisture indices have 

an established history in climate zoning for such applications as agriculture, vegetation, and human 

habitability in general. Examples can be found in Bailey [22] and Mather [23]. No examples of using a 

moisture index approach currently exist for building envelope specific purposes. A general approach to 

using to using a moisture index here for assessing the risk of moisture related damage is presented here. 

The intent of the authors is to demonstrate that this approach can be used in general terms and that it can be 

adapted to specific purposes.  

 

Drying can be a significant factor when assessing the required level of protection for walls exposed to 

rainfall, making the moisture index potentially preferable to the temperature-rainfall approaches to climate 

zoning. In the most general form a moisture index can be written as: 

 

 MI = function of (wetting, drying)    (2) 

 

Suppose we define a simple moisture index as the ratio of wetting to drying. 

 

 MI = wetting / drying     (3) 

 

Wetting 

 

What are the measures of wetting and drying? Wetting can be defined as any of the measures 

outlined above. Average annual rainfall, annual Driving-Rain Index, directional Driving-Rain Index, or rain 

load on a wall, Straube's method for example, are all appropriate wetting functions. For our purposes we 

shall refer to the wetting function as the wetting index, WI 

 

Drying 

 

Measuring evaporation is a little more complex. For a review of this see the MEWS Task 4 Final Report 

[24]. A simple measure of drying that relates to evaporation is the difference between the humidity ratio at 

saturation and the humidity ratio of the ambient air. This is a measure of the capacity of the air to take up 

water vapour, calculated from the dry bulb temperature and relative humidity. This is similar to the Π 

factor method described by Hagentoft [25]. Unlike the Π factor method, however, the drying function does 

not use the assumed characteristics of the wall. The drying index at time t is simply the difference between 

the humidity ratio (alternatively the mixing ratio) at saturation, wsat, and the humidity ratio at ambient 

conditions. 
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 ∆w(t) = wsat(t) - wout(t) kg water/kg air    (4) 

 Where: wout(T) is the humidity ratio at T 

 

The humidity ratio can be calculated using Equation 5. Finally the drying index for a location can be 

calculated from Equation 6. 

 

w = 0.622* [vp/(p - vp)] kg water/kg air    (5)  

 

Where: w is the humidity ratio kg water/kg air, wsat(T) is the saturation mixing ratio at T, and  

  vp is the vapour pressure in kPa 

  p is the total mixture pressure in kPa 

 

 DI = (1/n) ∑ ∆w kg water/kg air-year   (6) 

=

n

1i

∑
=

k

1h

 

 Where:  DI is the drying index in kg water/kg air-year 

  n is the number of years under consideration 

  k is the number of hours in a particular year, i.e. either 8760 or 8784 hours. 

 

The moisture index becomes simply the ratio of WI to DI. 

 

 MI = WI/DI       (7) 

 

Application 

 

Let's look at two formulations of the moisture index. The first uses average annual rainfall as the 

WI while the second uses the rain load on the wall, calculated using Straube's method (see the Appendix for 

a brief description). The Drying Index is calculated as described above, using hourly data, and remains the 

same in both cases. Figure 3 shows the drying index (DI) for Canadian cities, progressing from west to east 

(listed in Table 2). The figure clearly shows the dependence of the DI on temperature and relative humidity. 

Calgary, although a relatively cold climate, comes out on top in terms of drying potential due to the small 

amount of moisture in the air just east of the Rocky Mountains (the rain shadow). Iqaluit, a polar climate, 

has the least drying potential. The temperature is simply too low to allow large amounts of water to be 

evaporated. The moderate temperatures and higher relative humidity along the West and East Coast create 

lower drying potentials than continental locations. 

 

Now consider the west to east progression of the wetting index (WI) shown in Figure 4. Higher rainfalls 

occur on both coasts, caused by orographic lifting of relatively mild marine air masses on the West Coast 

and a steady progression of low-pressure storm tracks on the East Coast. The rain shadow of the western 

mountain ranges is apparent for Calgary and Edmonton, as are the near desert conditions of the far North 

(Iqaluit). Rain loads on walls will show a similar pattern. The difference between the two measures is that 

the wall rain load approach gives the proportion of total water available impinging on the wall facing the 

worst direction. If the amounts in Figure 4 are normalized to the maximum values, St John's in both cases, 

the trend is again similar. Generally the wall rain load approach give exposure ratings that are somewhat 

lower since rain loads are generally divided more equitably over the four directions depending on the track 

of low-pressure cyclones. The closer the values of the normalized values the more biased the approach of 

rain from a particular direction. 

 

What happens when the WI and the DI are combined to form a Moisture Index (MI)? Figure 5 shows the 

west to east progression of the two formulations of the moisture index. Both measures are plotted on a 

normalized scale from 0 to 100, with St. John's NF being the maximum of the set of locations considered. 

The wetting indices and relative low drying indices on both coasts drive the MI higher than the interior 

continental locations. The low drying potential of Iqaluit is completely offset by the lack of rain. The high 

drying potential on the prairies, Calgary and Edmonton, combines with the semiarid climate to produce 
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very low values of MI. Note in Figure 5 that whichever method is used to characterize wetting the trends 

are similar. 

 

The merit of the moisture index approach, especially the approach using rain load on the wall for the 

wetting index, is that it more directly reflects the environment that a wall will see in terms of moisture 

loading and potential for drying. Like all the preceding approaches however, the drawback of the moisture 

index approach is that there is still a lack of experimentally observed data to correlate various levels of the 

moisture index to specific risks of premature deterioration. Also there is no basis to support or dispute the 

relative weighting of the WI and the DI, assumed to be 1:1; i.e. of equal importance Detailed examinations 

of the moisture index approach and its application are available from the MEWS Consortium [24][26]. A 

moisture index should be considered to be as lying on one extreme, the simple end, in the spectrum of 

complexity of tools available to building scientists and practitioners. At the other end of the spectrum lie 

hygrothermal models. As the wetting and drying portions the moisture are further refined to include 

specific effects, such as wall construction and orientation, material properties, and aerodynamic effects the 

resulting formulation of the moisture index progressively increases in complexity towards the hygrothermal 

models. In its simplest form MI represents an index to assess the risk to envelopes by simply relating the 

availability of water to be absorbed or to enter through deficiencies in the wall with the potential 

evaporation available provided by the climate. 

 

 

Application to the MEWS Project 
 

 

The MEWS consortium adopted a moisture index approach for classifying climate and weather phenomena 

and rainfall. In its current form, it is essentially a simplified version of the approach outlined above in that: 

 

• A moisture index is calculated from a wetting and drying index and. 

• The drying index used in MEWS is the same as the drying index described above. 

• The wetting index is defined as the average annual rainfall. 

 

It should be noted that wind and wind direction (as well as solar effects) were excluded. The wind and wind 

direction exclusion can cause a significant increase of the Wetting Index value in case of some continental 

cities A version of the Moisture Index based on driving rain from the predominant direction for each 

locality may prove to be a more useful scheme. Indeed a version of MI that incorporates wind and direction 

is given by Cornick [27] and was used to select Moisture Reference Years for hygrothermal simulations. 

Creating Moisture Indices to characterize continents, such as North America, would entail a considerable, 

although not impossible, amount of work, however, since coincident wind and data are available in a 

limited number of data sets especially on an hourly basis. 

 

Using annual average rainfall gives a relative ranking of climates that is independent of any building or 

wall characteristics, including orientation. A complete description of the MEWS approach to climate 

characterization can be found in the Final Report on Task 4 [24]. Unlike the ratio definition of Equation 7, 

MI is defined by Equations 8 and 9 below. The west to east progression of the MEWS moisture index is 

shown in Figure 6. 

 

The moisture indices presented so far have been calculated using 30 or more years of hourly weather data 

and averaged. The drying and wetting indices can be calculated for each individual year for a particular 

location. Figure 7 shows a plot of the DI versus the WI for five cities. The five cities were the cities 

selected from a candidate list for a detailed analysis for the MEWS project. For the MEWS project a 

sample set of forty candidate cities was selected to cover for the most part the range of practical values for 

WI and DI. Each point represents a specific year in the hourly weather record for each city. The Wetting 

Index in this case is defined as the total rainfall for the year and Drying Index is calculated as the difference 

between the saturation and ambient humidity ratios. The ellipses bound the years for each city and show the 

range and variation of WI and DI for each city. 
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The characteristics of a particular climate can be inferred from the general position of the ovals on the plot. 

Cities in the upper left hand corner, Phoenix AZ for example, have a high drying index and a low wetting 

index and can be characterized as having a low potential for moisture problems. Cities occupying the lower 

right hand corner of the plot such as Seattle WA and Wilmington NC, however, have low drying indices 

and high wetting indices and can be assumed to have a higher potential for moisture related problems. 

Intuitively this seems to be borne out by the positioning of the four cities at the bottom of the plot. If one 

were to rank those cities in terms of increasing severity the order would be Winnipeg MB, Ottawa ON, 

Seattle WA and Wilmington NC. This kind of plot, while useful in examining the range and variability of a 

climate, is not so useful in comparing climates quantitatively with one another. 

 

A Ranking Method 

 

The moisture index just described, i.e. a single number combining both the Wetting Index and the 

Drying Index, was further developed as a convenient way to rank climates in order of the severity of 

moisture loading for walls of buildings. The ranking method described in this section is simply one way of 

applying the "basic method" already described. A single number, a moisture index, MI combines both 

Wetting Index and Drying Index. The hypothesis is that the higher the value of the moisture indexes the 

greater the potential for moisture problems. 

 

The first step in ranking cities was to normalize both WI and DI with respect to minimum and maximum 

values in the sample set. This normalization scheme depends on which cities are included in the sample set, 

so a broad range of North American climates was chosen. If the range of WI and DI is changed 

significantly a different ranking will result. This will be discussed further in the section on Climate Zoning. 

The normalization scheme is given in Equation 8. 

 

 Inormalized = (I - Imin)/(Imax - Imin)     (8) 

 

Suppose the Moisture Index for a city is defined as the distance from the origin of a xy plot of one minus 

the normalized DI versus the normalized WI, Equation 9. For the wetting index severity increases from 

zero to one. The severity for one minus the Drying Index also increases from zero to one. The potential for 

moisture problems increases with increasing values of x and y. A point near the origin, (0, 0), consequently 

would have the lowest potential for moisture related problems while the point furthest from the origin, (1,1) 

would have the highest. The MI for each city in the sample set was calculated as the distance from the 

origin. This is shown in Figure 8. Again wetting and drying were assumed to be of equal importance and 

thus they were given equal weight in the determination of the moisture index.  

 2
normalized

2
normalized )DI1(WIMI −+=     (9) 

 

Table 3 gives the moisture indices for the candidate cities used in the MEWS Project. Cornick [24] 

compares indices for all the candidate cities using both precipitation and aDRI as the wetting index. 

 

The approach used in the MEWS project, which was to define the Wetting Index using annual average 

rainfall, has two advantages: 

 

First, developing wetting indices from annual rainfall is more practical and the data is readily available. It 

involves considerably less time and fewer resources compared to generating these values from hourly 

concurrent rain and directional wind data. The moisture index can be reduced to three elements: 

temperature, humidity, and rainfall. 

The MEWS approach can be applied where hourly data are not available. 

 

Second, the normalization scheme can help to set a quantifiable limit on the MI that can be used for 

Climate Zoning. 
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However, like other approaches based on annual rainfall, the MEWS approach to zoning climates does not 

provide any insight into the severity of wetting on facades, only the relationship between wetting and 

drying. As with the basic moisture index approach, there is no evidence to support or dispute the weighting 

of the wetting index to the drying index.  

 

Teq - Equivalent Temperature 

 

The Wetting Index and Drying Index values in all the figures and tables thus far were calculated 

using hourly data. It is possible to calculate values for the WI and the DI, and consequently the Moisture 

Index, using single values obtained from climate normal data. For example the WI for a location could be 

calculated by obtaining the total average annual rainfall from the climate normal data, if rainfall was used 

as the wetting function. Similarly the DI can be calculated using climate normal data using Equation 10. 

 

 DI = ∆w(T) = wsat(T) - wout(T)       (10) 

 

Where:  ∆w is as defined in Equation 4 and T is the annual average temperature from the climate 

normals (°C) 

  Note that annual average RH is required to calculate wout. 

 

This approach may be useful in  regions with sparse networks of hourly reporting stations. MI is intended 

to be part of an integrated approach to moisture management, and as such it will have to be made available 

for many locations. 

Using long-term climate data the calculation for the MI becomes relatively simple and reduces the effort in 

calculating the MI for a large number of locations. 

 

Using climate normals to calculate the Drying Index, however, can lead to significant errors in the value of 

the DI. The annual average temperature T generally underestimates the value of the DI. The reason is that 

vapour pressure increases nonlinearly as the temperature rises; hence the humidity ratio and temperature 

are not linearly related. 

 

Three methods for calculating the DI were compared: (1) the hourly method, considered to be exact, (2) the 

average annual temperature (annual) method, and (3) the equivalent temperature method, to be discussed 

below. The value of the DI is given for each method. Averaging the temperature and relative humidity 

underestimates the DI by 21%. Averaging the hourly data does not give sufficient credit to the potential 

evaporation occurring during hours with higher temperatures. This point is illustrated in Table 4 where 

three different methods for calculating the Drying Index are given for two hypothetical hours. The results 

of calculating DI using the hourly method, an average temperature approach, and the equivalent 

temperature method are shown in Figure 9. 

 

The equivalent temperature T*
eq is defined as the equivalent average annual temperature which theoretically 

gives the same value for the DI as the hourly method. The relative humidity at T*
eq is assumed to the value 

obtained from the climate normals, the annual average. By back-calculating for the temperature using the 

equations for the drying index an exact value of T*
eq can be obtained. T*

correct is the correction temperature 

applied to the average annual temperature, T, obtained from the climate normals, to obtain T*
eq. T

*
correct is 

simply the difference between the equivalent temperature and the average annual temperature. 

 

An estimate of T*
correct can be calculated from the annual range. The annual range (AR) is defined as the 

difference between the maximum of the monthly average temperatures and the minimum of the average 

monthly temperatures. T*
correct is linearly related to the AR. An estimate of the equivalent temperature, Teq 

is simply the sum of the annual average temperature, T, obtained form climate normals and an estimate of 

Tcorrect. This methodology was adapted from Bailey [22]. 

 

 Tcorrect = 0.2206 * AR - 0.9073     (11) 

 

 Where: AR is the annual range (°C) 
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 Teq = T + Tcorrect       (12) 

 

 Where: 

  T is the annual average temperature form the climate normals (°C) 

  Tcorrect is the correction factor specified above (°C) 

 

The improvement in the estimate of the Drying Index by using equivalent temperature when calculating the 

DI from climate normal data is shown in Figure 10. See MEWS [24] for a complete description of the 

equivalent temperature method. 

 

 

Climate Zoning 

 

 

Grouping Climates 

 

Having established the Moisture Index as a procedure for ranking climates, the next step was to 

establish a method of grouping like climates with respect to potential moisture related problems. Each 

grouping can be shown as a zone on a map of North America. Since the MI for a location is defined as the 

distance that the location's climate lies from the origin on a normalized plot (see Figure 11) the boundary 

values for the groupings can be expressed as radii. 

 

Suppose a particular location has a normalized wetting index, WInormalized, of one, indicated maximum 

wetting potential, and a normalized drying index, DInormalized, of one, indicating maximum drying potential. 

This climate corresponds to the point (1, 0) on the plot shown in Figure 11. Note that 1 - DInormalized rather 

the DInormalized is plotted on the y-axis. This ranking corresponds to a radius, r, equal to one. Similarly a 

climate having WInormalized = 0, minimum wetting, and DInormalized = 0, minimum drying, corresponds to the 

point (0, 1) in Figure 11. This climate also lies on the arc r = 1. 

 

Although both these climates might differ in terms of wetting (rainfall) and drying (difference in humidity 

ratios) characteristics the hypothesis is that they are in similar with respect to the potential for moisture 

related problems. Using an analogy to Mohr's circle the points along a radius are hypothesized to have an 

equal potential for moisture related problem; an isopotential. 

 

A simple classification can be constructed by splitting the range of the moisture index into a number of 

divisions. Each division represents a limit for moisture related problems. Climates are then grouped 

accordingly. 

 

Illustration of the Technique: A Provisional Map 

 

An important output of the MEWS project is the provisional climate map produced using the moisture 

index approach. A detailed map of the USA and Canada was constructed using 383 stations reporting 

hourly data. The rankings for each station were calculated using long-term data obtained from climate 

normals. The current climate normals span the years 1961 to 1990. The Wetting Index was defined, as 

before, as the annual average rainfall. The Drying Index was computed using the method described except 

that the average annual temperature and average annual relative humidity was used instead of hourly 

values. The equivalent temperature method was used to calculate the DI. 

 

One further change was introduced in producing the provisional climate map. The maximum rainfall used 

to normalize the Wetting Index was set at 2000 mm.  Suppose we exclude the exposed Pacific Northwest 

sites, i.e. those with rainfall > 2000 mm from our proposed zoning scheme for the rest of North America 

(see Figure 12 and Table 5). Such regions are extreme and not typical of the North American climate. This 

is not to say that this excluded region will not be subject to moisture problems. In fact all locations that 

report rainfall in excess of 2000 mm are classified as severe in our scheme. Our reason for removing this 
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region from consideration is that its inclusion with the rest of North America tends to skew the rankings, 

placing regions with an identified history of problems into zones with regions that do not have problems.  

There is a loss of resolution in the range of interest. We can do a better job of ranking if we break the 

geographical area into two parts to be handled separately.  Or to put it another way, this is like fitting two 

parts of a complicated set of data with two different curves. That way, two simpler, lower-order curves can 

give a better fit than one higher-order curve for both parts taken together. The Drying Index was left 

unchanged since the range of the initial 40 candidate cities adequately covered the range of drying 

potentials for Canada and the United States.  

 

Five divisions appear on the provisional map shown in Figure 13. The classifications are severe, high, 

moderate, limited, and, low. A classification of extreme is given to all stations having a ranking of greater 

than 1.414. The thresholds used in the classification are given in Table 6. In creating the provisional map 

all extreme stations were included in the severe category. The map shows good agreement with other 

construction-related climate classification schemes such as Lstiburek [17] and Russo [18]. 

 

A few comments on the provisional contour map are worth mentioning.  

 

• First, in generating a contour map a certain amount of information is lost.  

• Second, the network of reporting stations used to generate the map is sparse in the northern regions of 

the continent. 

• Third, the selection of the MI defining limits to various climates regions is not related to 

experimentally observed data. 

 

 

Conclusions 
 

 

 For the purposes of characterizing climates for moisture related problems in building envelopes, 

climate can be described using two indices, a Wetting Index which is a function of rainfall, and a Drying 

Index which is function of potential evaporation. These two indices are independent. Climates can be 

classified by defining a Moisture Index that combines the Wetting and Drying Indices. The MI can then be 

used to rank weather stations in a climate classification scheme. Thus climates with dissimilar wetting and 

drying characteristics can be compared directly using the MI. The moisture index can be considered as an 

indicator of potential moisture related problems in building envelopes. Isopotential lines can be created by 

joining stations with similar moisture indices. Maps showing the potential for moisture related problems 

could be drawn. Selecting the values of the isopotentials completes the classification scheme. The context 

of the term ‘moisture related problems in building envelope’ however is general. Different climate 

classifications can be developed to be used for example at the special problems of wooden buildings and 

different at the moisture deterioration assessment of the surface layers, or for the selection of Moisture 

Reference Years for hygrothermal simulations. Future applications should define the field for the potential 

use of the suggested Moisture Index and then verify the applicability of the index in the chosen field. 

 

Several issues remain to be resolved in relation to the Moisture Index approaches to climate classification 

for construction. Four main issues are: 

 

1. Relative comparisons - The ranking of climates and reference moisture years is based on a relative 

ranking rather than objective criteria. The lack of objective criteria and hence the relative ranking 

scheme is a direct consequence of not specifying what constitutes a moisture problem. 

Consequently the analysis of climate did not include the wall response to environmental 

conditions. 

2. Equal weighting of the WI and the DI - The assumption is that the wetting and drying indices have 

equal weights when combined. This may or may not be correct. Again this is due to the initial 

decision not to consider the wall response. 

3. Selecting values of the isopotentials for climate zoning - The authors made arbitrary choices to 

illustrate the method, specifically the threshold limits used to make the provisional map. To obtain 
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meaningful values, decisions must be made as to what factors relate to long-term wall 

performance. Here are some examples: decay, corrosion, staining, finish deterioration, production 

of molds and spores, loss of structural capacity, degradation of thermal resistance, water damage 

to interior finishes and furnishings, and dimensional changes affecting the appearance or 

functioning of the wall system. 

4. The wind and the wind direction (as well as solar effects) are excluded. The wind and wind 

direction exclusion can cause a significant increase of the Wetting Index value in case of some 

continental cities A version of the Moisture Index based on driving rain from the predominant 

direction for each locality may prove to be a more useful scheme. This would entail a 

considerable, although not impossible, amount of work, however, since coincident wind, rain, and 

solar data are not as ubiquitous as temperature and rainfall. 

 

There are issues that warrant further investigation with respect to the general Moisture Index approach. The 

two main issues are: 

 

1. No recognition of spells or dry periods - The work presented here is based on an annual analysis. 

Looking at climate from the perspective of wetting spells and drying periods was not presented 

here. 

2. Seasonal effects not considered - This is similar to the criticism of not recognizing wet spells. 

Wetting is strongly dependent on the rain regime of the climate under consideration, the winter 

rain regime of subtropical dry summer (Cs) climates for example. Should credit be given to the 

drying potential in the summer when little or no rain falls? Similarly should credit be given to the 

drying potential during the low sun period in cold climates (Dcb) where most of the precipitation 

falls as snow? 

 

In summary, determining the potential for moisture related problems for various climates, as well as 

individual years, can be done using a simple method that uses readily available climate data, specifically 

climate normal data. The methodology is general and flexible and involves defining a Wetting Index, based 

on the availability of water, and a Drying Index, based on potential evaporation. These indices are 

combined to form a Moisture Index. By redefining the WI and or the DI, as well as changing the relative 

weighting, a number of specific construction-related climate classifications and maps can be produced.  

 

 

Acknowledgements 
 

 

The authors would like to thank the following people, all from the Institute for Research Construction, 

National Research Council of Canada, for their invaluable assistance: 

 

G. Adaire Chown, Reda Djebbar, Kumar Kumaran, Mostafa Nofal, Michael Swinton, Fitsum Tariku, and a 

special thanks to Nady Said and Michael Lacasse. 

 

 

Appendix 
 

 

Calculating Driving-Rain Loads on Walls 

  

 

 Straube's Method [12] 

 

 The method recommended by Straube was selected as the method for calculating the wind driven 

rain loads (WDR) in IRC's Advanced Hygrothermal Model (HygIRC) and was used in MEWS Task 4 for 

determining the predominate rainfall directions and moisture reference years (MRY).  While Straube 

recommended using D50 for the raindrop diameter, the predominant raindrop diameter, Dpred, was used. The 
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height of the wind speed measurements was assumed to be 10 m. The top corner of the building was 

assumed to be the location of interest. This was used in determining the RAF factor. 

 

 WDR = RAF * DRF(rh) * cos(θ) *  V(h) * rh     (A.1) 

 

 Where:  WDR is the wind driven load (l/m2-h) 

  RAF is the rain admittance factor 

  rh is the horizontal rainfall intensity (mm/m2-h) 

  V(h) is the wind speed at the height of interest (m/sec) 

  θ is the angle of the wind to the wall normal 

 

The rain admittance factor, RAF, was provided by Straube (assumed to be 0.9). The driving-rain factor can 

by calculated from: 

 

 DRF(rh) = 1/Vt        (A.2) 

 

 Where:  DRF is the driving-rain factor 

  Vt is the terminal velocity of raindrops (m/sec) 

 

The terminal velocity can be calculated from Dingle and Lee [28]: 

 

 Vt(Φ) = -0.16603 + 4.91884 * Φ - 0.888016 * Φ2 + 0.054888 * Φ3 <= 9.20  (A.3) 

 

 Where: Vt(Φ) is the terminal velocity of a raindrop of diameter Φ in still air (m/sec) 

 

The distribution of raindrop sizes for a given horizontal rain intensity is given by Best [29]. 

 

 F(Φ) = 1 - exp{-(Φ/(1.30 * rh
0.232))2.25}     (A.4) 

 

 Where:  F(Φ) is the cumulative probability distribution of raindrop sizes for rh (mm) 

  Φ is the equivalent spherical raindrop diameter (mm) 

 

D50 is the value of the drop diameter x such that 50 percent of the water in the atmosphere is comprised of 

drops with a diameter less than D50. The predominant drop diameter, Dpred, is the diameter of drops that 

accounts for the greatest volume of water in the air. 

 

 D50 = a * 0.691/n        (A.5) 

 Dpred = a * ((n - 1)/n)1/n       (A.6) 

 

 Where: a = 1.30 rh
p, p = 0.232 

  n = 2.25 
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Figure Captions 

Figure 1. Climate-index map of Canada prepared from the formula given by Scheffer. The three 

zones represent three levels of above ground wood decay potential, after Setliff [20]. 

 

Figure 2. The plots show the monthly climate normal rainfall and average temperature for a) 

Vancouver BC, b) Ottawa ON. The left axis reports the normal monthly rainfall while the right axis shows 

the normal monthly average temperature. 

 

Figure 3. The plot shows the west to east progression of the drying index, DI. Generally both 

coasts of North America have lower drying potentials than continental locations. The exception is Iqaluit, 

north of the Arctic Circle. The climate is simply too cold to allow significant amounts of evaporation. The 

key for the location codes is given in Table 2 along with a small map. 

 

Figure 4. West to east progression of the wetting index, WI as annual rainfall and rain load on the 

wall in the worst direction. 

Figure 5  West to east progression of MI normalized, where MI 1 is based on annual rainfall and 

MI 4 is based on rain load impinging on a wall with the most severe exposure calculated using Straube's 

method. A clear distinction is made between the coastal and continental climates. 

 

Figure 6. West to east progression of the MEWS Moisture Index, which is based on annual average 

rainfall from climate normal data. Except for magnitude the result is similar to the previous approaches. 

 

Figure 7. The plot shows DI and WI for individual years for five selected cities. The plot shows the 

range and variability of both indices as well as the relative characterization of the general climates found in 

those cities. 

 

Figure 8. A plot of 1 - normalized Drying Index versus normalized Wetting Index (precipitation) 

for the candidate cities. The moisture index is calculated as the distance from the origin. 
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Figure 9. The chart shows the error introduced into the drying index by averaging temperature and 

relative humidity data. The error in this case is -21%. Using the equivalent temperature method the error is 

reduced to about -3%. 

 

Figure 10. The plot shows a comparison between the annual and equivalent temperature methods 

for calculating the drying index. The 40 candidate cites are shown. The equivalent temperature method 

performs better the annual method when compared to the values calculated using the hourly method, 

assumed to be exact. 

 

Figure 11. The plot shows a classification scheme based on a hypothesis of isopotentials. Each 

radius defines a locus of points having an equal potential for moisture related problems. 

 

Figure 12. The map shows the location of all the continental stations considered that report more 

than 2000 mm of rainfall. They are all on the North American northwest coast littoral. These stations are 

considered extreme with respect to moisture related problems. 

 

Figure 13. The contour map shows the isopotential lines for moisture related problems. The 

classification is based on five divisions of the range of values of the moisture index. 383 hourly reporting 

stations were used to generate the map. The reporting stations are shown as points on the map. 
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Table s 

Russo's criteria 

Zone Description Jan. Min. Avg. Temperature Annual Avg. Rainfall 

Zone 1 Cold and Wet Less then 15 oF More than or equal to 20 

inches 

Zone 2 Cold and Dry Less then 15 oF Less than 20 inches 

Zone 3 Mild and Wet 15 oF to 30 oF More than or equal to 20 

inches 

Zone 4 Mild and Dry 15 oF to 30 oF Less than 20 inches 

Zone 5 Hot and Wet More than 30 oF More than or equal to 20 

inches 

Zone 6 Hot and Dry More than 30 oF Less than 20 inches 

● note that 15 oF ~ -9.5 oC;   30 oF ~ -1 oC;   20" ~ 500 mm 

 

Table 1. Russo's construction related climate classification. 
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Key City 

1 Victoria British Columbia (BC) 

2 Vancouver British Columbia (BC) 

3 Edmonton Alberta (AB) 

4 Calgary Alberta (AB) 

5 Winnipeg Manitoba (MB) 

6 Windsor Ontario (ON) 

7 Toronto Ontario (ON) 

8 Ottawa Ontario (ON) 

9 Montreal Quebec (QC) 

10 Fredericton New Brunswick (NB) 

11 Iqaluit Nunavut (NU) 

12 Shearwater Nova Scotia (NS) 

13 St Johns Newfoundland & Labrador (NF) 

 

 

 

Table 2. Key table for locations reported in Figures 3,4,5and 6. 

 

19 



 

 

City Rain DI MI  City Rain DI MI 

Mobile AB 1639.5 39.14 1.22  Pittsburgh PA 931.1 30.19 0.95

New Orleans LA 1601.4 36.44 1.21  Tampa FL 1113.7 44.14 0.95

St Johns NF 1193.8 10.20 1.17  Madison WI 803.9 24.67 0.95

Shearwater NS 1178.1 13.11 1.15  Windsor ON 788.4 24.27 0.94

Wilmington NC 1406.4 33.48 1.13  Montreal QC 737.4 22.07 0.94

Vancouver BC 1058.2 16.10 1.09  Ottawa ON 701.8 22.96 0.93

Miami FL 1464.0 50.13 1.08  Kansas City MO 967.6 36.96 0.93

Atlanta GA 1306.0 39.02 1.06  St. Louis MO 959.6 37.19 0.92

Orlando FL 1274.1 41.69 1.03  Toronto ON 625.6 21.58 0.92

Boston MA 1057.6 29.00 1.01  Minneapolis MN 729.2 28.24 0.90

Houston TX 1211.4 41.14 1.01  Edmonton AB 359.9 19.73 0.88

Victoria BC 813.0 17.03 1.00  Winnipeg MB 390.5 22.24 0.86

Fredericton NB 847.8 19.84 0.99  San Francisco CA 506.6 25.58 0.86

Seattle WA 927.4 24.38 0.99  Fargo ND 500.9 26.11 0.85

Wilmington DE 1037.6 31.85 0.98  Calgary AB 293.4 26.71 0.81

Raleigh NC 1046.0 34.44 0.97  Fort Worth TX 857.3 53.57 0.79

Iqaluit NU 257.8 6.12 0.97  San Diego CA 266.6 36.41 0.74

Charlotte NC 1094.6 39.48 0.96  Colorado Springs CO 424.5 45.33 0.70

Baltimore MD 1026.1 34.87 0.96  Phoenix AZ 205.1 129.47 0.13

Chicago IL 914.3 29.01 0.96  Las Vegas NV 108.2 117.78 0.11

  MI is based on hourly values; Rainfall is in mm; DI is kg water/kg air. To calculate MI use the 

procedure outlined above. Normalize the wetting index using Mobile AB. Normalize the drying 

index using Phoenix AZ. 

 

Table 3. Moisture Indices for forty North American Cities. 
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 T (°C) RH % DI g water/kg air Error %

Hour 1 2.00 76 1.06  

Hour 2 20.00 68 4.79  

Hourly Sum   5.84 0.00 

Average 11.00 72 4.63 -20.85 

Teq method 14.06 72 5.68 -2.73 

 

Table 4. Calculation of the Drying Index using three different methods. 

21 



 

 

WBAN Station Name State Rainfall (mm) T (C) RH % 

25339 YAKUTAT AK 3349.0 3.9 80.5 

94234 TOFINO A BC 3235.8 9.0 85 

94240 QUILLAYUTE WA 2638.3 9.4 83 

25308 ANNETTE AK 2501.1 7.7 76.5 

25353 PRINCE RUPERT A BC 2409.1 6.9 82 

* Note the low temperatures and high RH and Rainfall on the Northwest coast of NA 

 

Table 5. Stations used in making the provisional map reporting over 2000 mm of rainfall. 
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Division Classification w.r.t. Moisture Problems Shade 

MI greater or equal to 1.0 Severe 75% 

MI greater or equal to 0.9 but less than 1.0 High 50% 

MI greater or equal to 0.8 but less than 0.9 Moderate 25% 

MI greater or equal to 0.7 but less than .0.8 Limited 15% 

MI less than 0.70 Low 0% 

 

Table 6. Thresholds used to delimit climate zones used in making the provisional map. 

.
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NOTE that it 

would be ideal to place the images side by side to allow for direct comparison. See the sample layout above. Note that the above image is not the one intended for 

publication. 
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West to East Progression of the Drying Index
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Figure 3 
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West to East Progression of the Wetting Index

0

200

400

600

800

1000

1200

1400

1 2 3 4 5 6 7 8 9 10 11 12 13

Location

W
e

tt
in

g
 I
n

d
e

x
 (

l/
m

2
/y

e
a

r)

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1
Annual Rainfall

Straube's Method

normalized Straube

normalized Rain

 
Figure 4
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West to East Progression of  Normalized Moisture Indices, M1 & M4
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Figure 5 
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West to East Progression of the Normalized MEWS Moisture Index
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Figure 6 
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Drying Index versus Wetting Index (Precipitation)
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Figure 7 
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Drying Index versus Wetting Index
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Figure 8 
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Comparsion of Methods for calculating the Drying Index
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Figure 9 
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Predicted Drying Index versus Hourly Method
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Figure 10 
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Figure 12 
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Figure 13 

39 


