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7  Theory Part 2:  
Temperature and Additional 
Parameters 

7.1 Temperature generation 
7.1.1 Introduction 
Any temperature values provided must conjoin with the global radiation time series, as daily 
temperature variations and solar radiation are inter-linked. For example, temperature is an important 
factor for simulation of solar energy systems (PV or thermal). The combination of solar radiation and 
temperature is critical in assessment of heating and cooling loads in buildings. The production of 
stochastically generated radiation data sets in isolation is not enough to help in such applications. 

From the interpolation and radiation generation procedure described above, hourly values of global 
radiation and monthly temperature required for temperature generation are now available at all points. 
Using these, hourly temperature values may be calculated as follows. 

In METEONORM Versions 2–4 a model based on Scartezzini (1992) was used. In version 5.0 a 
completely new model is introduced. This model was developed in the framework of the EU IST 
project SoDa.  

The idea underlying the model is still based on the assumption that the amplitude of the temperature 
variation during daytime is approximately proportional to the amplitude of the daily global radiation 
profile. Thus the temperature profile is calculated by transforming the radiation profile. 

The model consists mainly of three parts:  

1. The stochastic generation of daily values, based on monthly temperature and daily radiation 
values and measured temperature distributions. 

2. The calculation of daily minimum and maximum temperatures, based on daily temperature 
values and daily and monthly radiation values. 

3. The generation of hourly values, based on daily minimum and maximum temperature values 
and hourly radiation values. 

7.1.2 Estimation of daily mean air temperatures 
The daily temperature prediction problem faced was addressed by creating a new worldwide database 
describing the statistical patterns of observed temperature data across the world in different months of 
the year. The detailed description of this temperature database and its development is provided in 
Chapter 7.1.2.3. It is described how this statistical temperature data resource accessible to the 
generation process was created for approximately 8'000 stations using the Globalsod data prepared 
by the US National Climatic Data Centre (NCDC) covering the period 1994–2001.  

A new and very fast generation process has been developed which draws on this database. It is 
described in Chapter 7.1.2.1. 
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7.1.2.1 Stochastic generation 
First, a auto-regressive AR(1) process is run with almost no boundary settings. Then the distribution is 
mapped to the measured or interpolated distribution (according to the input), drawing on the statistical 
temperature data base resource. 

Auto-regressive process 
The auto-regressive process for daily temperature is executed in the following way: 
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 (7.1.1) 

where, dT is the mean day to day difference, dTsd is the standard deviation of the day to day 
difference, dy is the day number in the month and r is a normally distributed random variable with 
expected value 0 and standard deviation 1.  

The temperature database is accessed to gain temperature data at the selected site using the nearest 
site interpolation procedure. This provides the statistical data needed to estimate dT' and dT'sd which 
are needed to carry out the auto-regressive operation described by Equation 7.1.1. The stochastically 
generated time series of hourly global solar radiation is of course produced first as it is the 
temperature driving agent in this procedure. Both difference values are varied according to the 
calculated daily insolation. If this is above 50% of the clear sky value, the measured "mostly clear sky" 
value is used, otherwise the "mostly overcast" value is used. In order to get a more realistic daily 
difference, the mean of the current and the previous day is taken for both values. 

This process is first run without any limitations on the minimum, maximum or mean values. After the 
generation of each month, a check is made whether the difference between the month's last daily 
value and the mean of the current and the following month is more than 4°C. If so, a correction term is 
introduced in order to keep the above difference below 4°C. The monthly mean of December is taken 
as the first value.  

Mapping the distribution 
After the generation and the application of the end of month correction, the daily values are mapped to 
the measured mean distribution, which is interpolated between the 7 stored quantiles (see “Input 
variables extracted …” below). This produces mean distributions and not extreme distributions. This 
means a statistically normal year is generated. Additionally, the yearly one day minimum is adopted as 
the January minimum in the northern hemisphere, or as the July minimum in the southern hemisphere 
and the yearly one day maximum is adopted as the summer (July/January) maximum in order to 
include mean one year extremes and not only monthly extremes.  

The 4 days minimum temperature is calculated for January (in the northern hemisphere) or for July (in 
the southern hemisphere). This value is introduced in order to reproduce minimum design 
temperatures, which are normally defined using a period of several days. 

If the generated 4-day minimum is more than 0.25°C higher than the measured value, the 4 days with 
the lowest minimum temperature are corrected to the measured value. If the difference is below 1°C, 
no changes to other days are made. If it is above 1°C the following 4 days or the 4 days before 
(dependent on the day of month) are raised in order not to change the monthly mean. 
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Input database 
The Globalsod dataset was used. It contains approximately 8'000 stations worldwide with daily values 
and is accessible by internet. The data was collected by the National Climatic Data Center (NCDC), 
USA from national weather services. 

Gathering data from each national meteorological service separately would have been both 
impractical and unaffordable to the SoDa and METEONORM project and could be not have been 
finished in the short time needed.  

As for quality control, the data did undergo extensive automated control (by USAF, over 400 algo-
rithms) to correctly 'decode' as much of the synoptic data as possible, and to eliminate many of the 
random errors found in the original data. Then, these data were controlled further as the summary 
daily data were derived. However, a very small percentage of errors still remain in the summaries of 
daily data. 

The data of the 8 years 1994–2001 are used. Table 7.1.1 shows the number of stations in different 
continents. The worldwide total is 5'805 stations (not all of the 8’000 stations could be used), all with 
monthly data available. One drawback is that a 8 year period is climatologically rather short. But at 
least the data give a hint about the recent temperature distribution of a location and include any 
warming in the last decade of the century. The recent warming, widely interpreted as due to man 
induced climate change, will most probably continue.  

Tab. 7.1.1: Distribution of stations with temperature of the Globalsod database.  
 
Region Number 
Europe without Russia 1'408 
Asia with Russia 1'672 
Africa 300 
North America 1'401 
South America 362 
Australia and New Zealand 662 
World 5'805 
 

The data of the nearest stations is used to get interpolated values. The station network is not very 
dense in Africa, but fortunately, yearly temperature variations are smaller near the equator and 
therefore the spatial variations are not big compared with higher latitudes. 

Input variables extracted for the assessment of temperature 
distributions 
The monthly mean temperature and the hourly radiation values (all days and clear sky) are needed as 
inputs. 

The following temperature parameters are used as statistical values: 

• Monthly distribution of the daily temperature. Here 7 points of the monthly distribution are stored 
(1/31, 3/31, 6/31, 15/31, 25/31, 28/31, 30/31 quantiles). 

• Monthly mean temperature 

• Monthly mean of daily minimum and maximum hourly temperatures 

• Mean monthly minimum and maximum hourly temperatures 

• Mean standard deviation and difference of day to day variation, separated for days below and 
above the average daily difference between maximum and minimum temperatures. This 
approximately corresponds to a separation into clear and overcast days or days with high and low 
radiation. 

Additional yearly values needed in order to reproduce yearly extremes: 
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• Mean minimum daily temperature per year 

• Mean 4 day minimum temperature per year 

• Mean maximum daily temperature per year 

These values have to be estimated from the measurements at the available sites. The extreme values 
are estimated in the winter and summer period of each station. This procedure also works for 
interpolated monthly means. Here the statistical values of the nearest stations were used. The 
statistical values are adjusted by the difference of mean monthly temperatures between the actual site 
and temperature reference sites. 

7.1.2.2 Daily minimum and maximum temperatures 
The daily minimum and maximum temperatures are also calculated with help of the input data. 

First, the monthly factor dX is calculated with measured monthly input values: 

m

dd

Gh
TaTa

dX min,max, −
=  (7.1.2) 

         ____          ____ 
with Ta,d,max and Tad,min as the monthly mean daily minimum and maximum hourly temperatures and 
Gm the monthly mean global radiation. This gives the general factor for conversion from radiation to 
temperature. 

Then the daily difference between the maximum and minimum temperature is calculated using the 
daily radiation value Ghd: 

dXGhTa dd ⋅=∆  (7.1.3) 

The daily minimum and maximum temperatures are calculated using this daily difference, a step 
based on the assumption that the mean value is the mean of the extreme daily values. 

2
2

max,

min,

ddd

ddd

TaTaTa
TaTaTa

∆+=

∆−=
 (7.1.4) 

A check is made to ensure that the daily extremes are within the limits set by the monthly extreme 
hourly values. If the monthly extremes are not equal (a difference of 0.5°C is allowed), the calculated 
maximum and minimum values are set to the monthly extremes. 
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7.1.2.3 Deriving the temperature profile from the irradiance 
profile 
This model was derived in SoDa by M. Dumortier (2002).  

First, a term showing the response of the air temperature to the solar radiation input is introduced. 
This ratio is called the ground to extraterrestrial irradiation ratio: kx. This is the ratio of the amount of 
solar radiation received on the ground since sunrise, to the amount of solar radiation that a surface 
perpendicular to the sunrays would have received during the same period: 

( )
( )

∫

∫
= t

sunrise

t

sunrise

dt

dttGh
tkx

0G
 (7.1.5) 

Gh is the global horizontal irradiance 
G0 is the solar constant: 1367 W /m2 

It was shown that the variations of the temperature follow the variations of kx. The temperature 
increases when kx increases. The temperature reaches its maximum value at the same time as kx 
reaches its maximum (kxmax). When kx decreases, the temperature decreases.  

It was concluded that during daylight hours the temperature varies linearly with the kx coefficient. The 
slope of this linear relationship seems to depend on the sky conditions. It also seems to be different 
before the maximum value of kx has been reached and afterwards. Finally, it is certainly influenced by 
incoming air masses. 

These conclusions lead to the following Equation (7.1.6) for the slope: 
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This slope is used to calculate the hourly temperature values during daytime: 
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 (7.1.7) 

During night the temperature variation is mainly influenced by the amount of clouds. 

To characterize the sky conditions, we used the Perraudeau nebulosity index: IN (Perraudeau, 1986). 
IN is based on the diffuse fraction and normalizes the value by taking the clear sky as a reference 
(Eqn. 7.3.1). 

In order to define the night time nebulosity, the values between the last value of the day and the first 
value of the following day are interpolated linearly. As last and first value a limit of solar elevation of 5° 
was set. 

The night time cooling rate (NCR) was set to: 

C/hour][   458.0231.0 °⋅+= INNCR  (7.1.8) 

This cooling rate is only used for the first day of the generation, because the daily minimum and 
maximum values define the cooling rates: 
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 (7.1.9) 

These algorithms are defined for middle latitudes. For polar regions, special cases have to be defined 
(e.g. a virtual maximum daylength of 19 hours). 

7.1.3 Validation 
The totally new model for version 5.0 was tested at 6 stations in the USA and Switzerland (Tab. 3.3.3). 
In general, validation of the model produced satisfactory results. Although the model was changed, the 
test produced very similar results as with the model used in version 4. Generated daily temperature 
profiles are, however, somewhat too flat and lie too near the monthly average. The minima and 
maxima in winter are well reproduced, the summer maxima are somewhat lower than the observed 
maxima. The average values are automatically corrected. The generator produces good distributions 
(Fig. 7.1.4). The mean extreme values are calculated well now (Fig. 7.1.5). 

 

Fig. 7.1.4: Distribution of hourly values of 3 generated (broken line) and 10 measured years 
(1981–90) (line). Temperature for Portland MN, USA. 

 

Fig. 7.1.5: Minimum and maximum hourly temperature values per month for Dodge City, KS, 
USA. Comparison between 3 generation runs (full lines) and the measured data for 
the years 1981–90 (broken lines). Average minimum and maximum (<Ta max>) and 
absolute maximum (Ta max).  
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Owing to the fact that the radiation generator produces symmetrical values with respect to solar 
altitude, the temperature generator also produces symmetrical daily profiles. Particularly for high solar 
altitudes, this leads to discrepancies between the calculated and measured standard daily profiles. 
Nevertheless, for most regions the mean temperatures per hour are calculated well (Fig. 7.1.6). The 
standard deviation of the midnight temperature differences (Figs. 7.1.7 and 7.1.8) is well reproduced. 
The distribution of the daily values and their variation are well reproduced despite the fact that these 
are not generated in an intermediate step. Figures 7.1.9 and 7.1.10 show examples of daily values of 
temperature for a continental (Fairbanks) and a oceanic (Seattle) site. 

Figure 7.1.11 show the hourly variations for 2 typical days. The hourly temperature values are based 
on the radiation profile, but do not follow each variation of the radiation curve. The maximum 
temperature at the partly sunny day is reached 2 hours earlier than at the sunny day. 

 

Fig. 7.1.6: Comparison of measured and generated mean temperatures per hour and month in 
Portland (ME, USA)  (January–December). Full lines: measured (1981-90), broken 
lines: generated.  

 

Fig. 7.1.7: Monthly standard deviations of midnight temperature differences for Seattle (WA, 
USA). Full lines: 3 generated runs, broken lines: measured (1981–90). 
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Fig. 7.1.8: Monthly standard deviations of midnight temperature differences for Fairbanks (AK, 
USA). Full lines: 3 generated runs, broken lines: measured (1995–98). 

 

Fig. 7.1.9: Daily values of temperature (minimum, mean and maximum) generated for Seattle 
(WA, USA). 

 

Fig. 7.1.10: Daily values of temperature (minimum, mean and maximum) generated for Fairbanks 
(AK, USA). 

 

 

 

 

 

 

Fig. 7.1.11: Example of hourly values of temperature and global irradiance for 2 different types of 
days (partly sunny, sunny) for Locarno-Magadino CH.  
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7.2 Generation of supplementary  
 parameters 
METEONORM endeavours to provide suitable interfaces for most design programs in common use in 
photovoltaics, solar thermal applications and building simulation. For this, a range of output formats is 
provided. Several of these programs require further meteorological parameters in addition to global 
radiation and temperature. To provide these formats, simple formulae are presented below for 
estimating the required parameters. The additional parameters are referred to as supplementary 
parameters to distinguish them from the main parameters, i.e. radiation and temperature, described in 
the previous chapters. For a number of supplementary parameters, monthly values can only be 
obtained by first calculating hourly values. For certain parameters, calculation of hourly average 
values is not necessary if a meteorological or DRY station is chosen.  

The principal problem in simulating further parameters is to ensure their compatibility with the 
previously obtained parameters. The approximate formulae and methods are described below. The 
supplementary parameters are not of the same quality as the main parameters (global radiation and 
temperature) and were not validated in an equally comprehensive way. Most adaptations were made 
using data from 15 weather stations in the USA and Switzerland (Tab 3.2.2). 

The following supplementary parameters are calculated in METEONORM: Dew point temperature, 
relative humidity, mixing ratio, wet-bulb temperature, cloud cover, global and diffuse brightness, 
longwave radiation (incoming, vertical plane, outgoing), wind speed, wind direction, precipitation, 
driving rain, atmospheric pressure and UV radiation (UVA, UVB, erythemal, global and diffuse). The 
computational algorithms for the supplementary parameters are described below. 

7.2.1 Dewpoint temperature and relative humidity 
Dew point temperature (Td) and relative humidity (RH) are related. Using Eqn. 7.2.1, the dew point 
temperature can be calculated from the relative humidity (Iribarne and Godson, 1981) and the relative 
humidity from the dew point temperature using Eqn. 7.2.2 (DWD, 1979). 
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Ta: Air temperature [°C] Td:  Dew point temperature [°C]  
 RH: Relative humidity [%] 
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 (7.2.2) 

e: Saturated vapor pressure at Ta [hPa] es: Saturated vapor pressure at Td [hPa]  

While endeavouring to find a simple definition, it was discovered that the relative humidity at sunrise 
hours is a linear function of average humidity (Eqn. 7.2.3). 
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( ) ( ) ( ) 95RH 30   ,   79.023 0606, <<⋅+= mmRHmRH m  (7.2.3) 

This Equation was adjusted for 30 stations in the USA (r2 = 0.80). The humidity at sunrise is further 
adopted to the daily clearness index: 

( ) ( ) ( ) ( ) 97RH25   ,   Kt-Kt30- 06md06,06, <<⋅= mmRHmRH md  (7.2.4) 

The dewpoint temperature at sunrise hours (here written as 6.00) is then calculated using Eqn. 7.2.1. 
The dewpoint temperature for each hour is calculated by linear interpolation between the sunrise 
values. Additionally (as a new feature in version 5) two different sinus functions were added 
depending on the amount of monthly radiation. If radiation is higher than 100 W/m2 (a threshold for low 
radiation means) the following function is used: 
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This function has two maximum values at 08.00 and 20.00 and two minima at 02.00 and 14.00. For 
days with less than 100 W/m2 the Eqn. 7.2.6 is used, which has only one maximum at 15.00: 
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These Equations were adapted to different measurements in the USA and Switzerland and reflect 
typical profiles. 

The relative humidity for each hour is calculated using Eqn. 7.2.2.  

Following this, the monthly values of generated data are fitted to the measured monthly average 
values by increasing the generated hourly values by the difference between generated and measured 
monthly average values. The corrections were mainly added at lower values of humidity, in order to 
avoid too many values with 100 % relative humidity. The differences are usually small (in the region of 
a few percent). 

7.2.1.1 Validation 
A short validation based on visual comparisons has been made at 7 stations (Tab. 7.2.1): 

Tab. 7.2.1: Model sites. Climate zones according Troll and Paffgen (1981). 
 
Name Lon [°] Lat [°] Alt [m] Year Climate zone 
Salt Lake City USA 111°58’W 40°77’N 1288 TMY III, 10 
Miami FL USA 80°17’W 25°49’N 17 TMY V, 1 
Portland ME USA 70°19’W 43°39’N 19 TMY III, 8 
Bern-Liebefeld CH 7°25’ E 46°56’N 565 2001 III, 3 
Davos CH 9°51’E 46°49’N 1'590 2001 III, 3 
Locarno-Magadino CH 8°53’E 46°10’N 197 2001 III, 3 
Jerez de la Frontera E 6°10’W 36°40’N 50 2000–2001 IV, 2 
 

The distributions and the mean daily profiles per month were compared (Fig. 7.2.1 to 7.2.4). The mean 
daily profiles (Fig. 7.2.5) as well as a plot of the mean hourly temperature vs. humidity (Fig. 7.2.6 and 
7.2.7) were examined.  

For both dry and wet climates the generated humidity values compare well with measured data. The 
differences between the climates can be distinguished clearly. Nevertheless we advise the user to 
check the outcomes of the humidity generation before using it for delicate simulation processes (like 
cooling). 
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Fig. 7.2.1: Distribution of dewpoint temperature at Miami FL USA. Solid line = measured, broken 

line = generated values. 

 

Fig. 7.2.2: Distribution of dewpoint temperature at Salt Lake City UT USA. Solid line = measured, 
broken line = generated values. 

 
Fig. 7.2.3: Distribution of relative humidity at Miami FL USA. Solid line = measured, broken line = 

generated values. 

  
Fig. 7.2.4: Distribution of relative humidity at Salt Lake City UT USA. Solid line = measured, broken 

line = generated values. 
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Fig. 7.2.5: Mean daily profile of dewpoint temperature at Salt Lake City UT USA. Solid line = 

measured, broken line = generated values. The second minimum after noon can be both 
seen at generated as well at measured values. 

 
Fig. 7.2.6: Mean hourly humidity vs. temperature per month at Jerez de al Frontera E. Solid line = 

measured, broken line = generated values. 

 

Fig. 7.2.7: Mean hourly humidity vs. temperature per month at Locarno-Magadino CH. Solid line = 
measured, broken line = generated values. 
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7.2.2 Wet-bulb temperature and mixing ratio 
For the calculation of wet-bulb temperature, a new approximation is used (Stull, 1995):  

Step 1: find height of lifting condensation level (LCL): 

( ) [km]   125.0 TdTaH LCL −⋅=  (7.2.7) 

Step 2: calculate temperature of LCL (with dry lapse rate of 9.8°C/km): 

C][    8.9 °⋅−= LCLLCL HTaTa  (7.2.8) 

Step 3: moisture contents (mixing ratio: mass of water vapor to mass of dry air): 
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rs: saturated mixing ratio [g/g] p: atmosphere pressure at station altitude [hPa] 
es: saturated vapor pressure [hPa] e: vapor pressure [hPa] 
rd: mixing ratio [g/g] 

 

4. step: saturated-adiabatic lapse rate: 
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where, 
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 (7.2.11) 

Lvcp: specific latent heat of evaporation divided through Cp 

5. step : wet bulb temperature : 

TdTpTaHTaTp LCLsLCL >>⋅Γ+=   ,   (7.2.12) 

 

The Figures below show two comparisons of generated and measured mixing ratio distributions at 
Miami FL USA (Fig. 7.2.8) and Locarno-Magadino CH (Fig. 7.2.9) (Tab. 7.2.1). 
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Fig. 7.2.8: Distribution of mixing ratio at Miami FL USA. Solid line = measured, points = generated 
values. 

 

Fig. 7.2.9: Distribution of mixing ratio at Locarno-Magadino CH. Solid line = measured, points = 
generated values. 

7.2.3 Cloud cover 
Here too, a new model is used in version 5.0. The knowledge of the cloud cover index is essential for 
estimating the long wave radiation emitted by the atmosphere and for temperature modelling during 
night. The Equation of Kasten and Czeplak (1979) was used for calculating global radiation from clear 
sky radiation and the cloud cover index in two recent publications (Badescu, 1997; Gul et al., 1998). 
Initial checks with this model showed that it could be used for Europe and other temperate zones, but 
changes were needed for other regions. Additionally, when the Kasten and Czeplak algorithm was 
used in reverse to estimate cloud cover, it generally produced results biased towards cloud cover 
values that were too high.  

Therefore, another model was investigated based on the Perraudeau's nebulosity index. This index is 
also needed in the chain of algorithm for temperature generation and is defined as: 

cc

hh
P GD

GD
I

−
−

=
1
1

 (7.2.13) 

The cloud cover index relationship was looked into at Anchorage AK, Seattle WA, Salt Lake City UT, 
Raleigh NC and San Juan PR (Table 7.2.2) and a new formulation has been developed for all sites 
(Fig. 7.2.10): 
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The denominator in the square route term in Equation 7.2.11, a = 0.825, is a mean value. Its value 
varies slightly with site location Different models for specific sites have been constructed by varying 
the value of a. Because the differences were very small (Anchorage: a = 0.802, San Juan: a = 0.794), 
the use of one standard model is suggested. 

Tab. 7.2.2: Model sites. Climate zones according Troll and Paffgen (1981). 
 
Name Lon [°] Lat [°] Alt [m] Year Climate zone 
Anchorage USA 150.02 W 61.17 N 35 1990 II, 1 
Seattle USA 122.30 W 47.45 N 122 1990 III, 2 
Raleigh USA 78.78 W 35.87 N 134 1990 III, 8 
Salt Lake City USA 111.96 W 40.77 N 1'288 1990 III, 10 
San Juan PR 66.00 W 18.43 N 19 1990 V, 1 
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Fig. 7.2.10: Box plot of measured cloud cover (tenths) and model. Data of Anchorage, Seattle, Salt 

Lake City, Raleigh and San Juan 1990. 

With stochastically generated data the distribution of Perraudeau's index is significantly different. The 
generated IP values are lower than the measured ones. Therefore, this distribution has to be adapted 
to get accurate and bias free cloud cover information. A simple factor of 1.15 introduced to correct the 
generated IPc: 
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 (7.2.12) 

 

The factor was found by iteration at the 5 test stations (Table 7.2.2). 

The factor is calculated with the Index for elevation of the sun above 5°. For night hours the cloud 
cover is interpolated linearly between sunrise and sunset. 

Validation with measured radiation data 
The validation at the same stations gave the following results: 

Tab. 7.2.3: Validation of cloud cover models: 

Model mbe rmse 

Perraudeau -0.1 1.8 

Kasten-Czeplak 0.4 2.2 

 

The accuracy was significantly enhanced with the new model at the five sites. Additionally,  the model 
is very simple and fast for computation and therefore very appropriate for use in METEONORM. 

Validation with generated radiation data 
The distribution and the mean values of all 5 sites together are better reproduced with the new 
method. The mean values are both 4.7 octas for generated and measured values. The histograms are 
given in Fig. 7.2.11. Generally, too many intermediate values are generated compared with the 
observed cloud cover. 

 
Fig. 7.2.11: Histogram of measured and generated cloud cover. Data of Anchorage, Seattle, Salt Lake 

City, Raleigh and San Juan 1990 and generated values with mean radiation values of 
1961–90. 
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7.2.4 Longwave radiation 
The longwave radiation (wavelength > 3 µm) is divided into two components: 

1. Longwave horizontal radiation , incoming (Lin); radiation from the sky (upper hemisphere) on 
the horizontal plane (longwave incoming); 

2. Longwave horizontal radiation, upwards (Lup); radiation from the earth's surface transmitted 
upwards (longwave outgoing). 

The longwave radiation on a vertical surface (Lv) is derived from these two components. The radiation 
balance (R) may be determined from the two components (Lin and Lup) together with short wave 
radiation (global radiation) and albedo. 

The new suggested model, as well as the above two existing models, have been validated using 
observed long wave data from 3 of the Baseline Surface Radiation Network (BSRN) stations, Payerne 
Switzerland, Boulder CO USA and Florianopolis Brazil. BSRN measurements are viewed as the world-
leading source of high quality long wave radiation measurements. 

7.2.4.1 Longwave radiation emitted from level ground 
The outgoing longwave radiation from the ground is dependent on the temperature of the surface.  
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 (7.2.13) 

A preliminary investigation showed poor coincidence of existing models with BSRN data for hourly 
values. Therefore, a new model based on Swiss stations was developed. First a comparison between 
ground temperature estimated with Eqn. 7.2.13 and Lup at Payerne showed: 

• that over grass the 5 cm temperature is the temperature of emission of the level ground and  

• the emittance of natural ground εg is best set to 1.  

Wind speed (measured at 10 m above ground) has been identified as an important factor. High wind 
speeds considerably lower the temperature differences between 2 m and 5 cm. If no wind speed data 
are available mean values of 3 m/s for the day and 1 m/s for the night can be used in sheltered 
regions. 

During daylight hours, with Gh over 5 W/m2, the following formula has been established, yielding a r2 
value of 0.867 at all 5 Swiss SMI sites (hourly values). 

( )[ ] ( )FFGTT has ⋅−⋅−⋅−⋅+= 09.0exp7.01015.0 ρ  (7.2.14) 

A new model for night time hours was introduced. This model was constructed using the data of 
Payerne. A maximum deviation of 4.7°C was found. Wind speed is even more important at night than 
during the day because of the higher stability of the planetary boundary layer. Very cold ground 
temperatures can only be reached when wind speed is very low. 

[ ] ( )FFNNNTT as ⋅−⋅−⋅+⋅−⋅+= 218.0exp7.4376.0037.00006.0 23  (7.2.15) 

For Tam < -3°C, max(Ts) = 0 °C (correction for snow coverage). 

7.2.4.2 Longwave radiation emitted by the atmosphere 
The model of Aubinet (1994) is recommended after comparison with models of Dogniaux and Lemoine 
(1984), EMPA (1985) and Gabathuler and Marti (2000). Dogniaux and Lemoine  used in ESRA, EMPA 
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models in METEONORM. Not only did the results speak for Aubinet, but the input parameters (Td, Gh 
and Gc) are also easily available.  

( ) ( )[ ]415.273341.013100log6.1294 +⋅+⋅−⋅+⋅= TaKTeL csin σ  (7.2.16) 

In addition to the horizontal information incoming longwave radiation for vertical planes (facades) is 
provided. Here the formulation used in ESRA based on Cole (1979), which addresses the anisotropy, 
is used: 

( )[ ] ( ) 5.015.27300822.07067.01031.0.05.0 4 ⋅++⋅⋅⋅+⋅−⋅+⋅= upinv LTaTaNLL σ  (7.2.17) 

7.2.4.3 Radiation balance 
The radiation balance for horizontal surfaces can be calculated using shortwave and longwave 
parameters as well as albedo (ρ). 

( )ρ−⋅+−= 1hinup GLLR  (7.2.18) 

7.2.4.4 Conclusions on longwave radiation modelling 
Although based on simple approximation of cloud cover and humidity, the long wave models show 
good results at the BSRN stations Payerne, Boulder and Florianopolis (Tab. 7.2.4). 

The combination of the new models leads to a significantly higher accuracy for radiation balance than 
with any other tested combination. 

Tab. 7.2.4: Error of estimation of hourly values of long wave radiation and ground surface tempera-
tures. mbe means is the error, rmse root mean square error. The dewpoint temperature 
and wind speed used were generated stochastically.  

 
Station R  Ldn  Lup  Ts  
(all BSRN) mbe rmse mbe rmse mbe rmse mbe rmse 
Payerne 0.3 20.8 -0.6 21.3 -0.6 10.4 -0.2 2.0 
Boulder 2.3 48.0 18.3 29.1 4.4 13.1 - - 
Florianopolis - - -4.3 23.5 - - - - 
 

7.2.5 Illuminance 
Global and diffuse illuminance is calculated using generated global radiation with the Perez et al. 
(1990) model. A short comparison with TMY2 data at 7 stations throughout the USA (from Puerto Rico 
to Fairbanks) showed the following discrepancies (METEONORM – TMY2): Global illuminance: mbe: 
+0.17 klux, rmse: 0.55 klux; diffuse illuminance: mbe: +0.51 klux, rmse: 0.52 klux. 

7.2.6 Wind 
The provision of wind speed and wind direction in METEONORM is intended as an extension of its 
output for design programs requiring wind data as input. The wind itself is not usually of great 
importance for solar and building (energy) application, and the model presented here is not intended 
to provide more than a rough approximation of monthly average and distributions. The present 
interpolation should not be used for designing wind power plants. The problem of wind simulation for 
any desired location is practically insoluble, since wind speed is greatly influenced by local features, 
and spatial variations are very large. The average monthly value is very difficult to estimate without a 
detailed knowledge of local topography. Detailed information on wind conditions throughout Europe 
may be found in the European Wind Atlas (Risoe National Laboratory, 1990). 
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7.2.6.1 Wind speed  
Despite the difficulties described above, hourly wind speed values were nevertheless generated. The 
model was adapted to 30 stations in the USA (Tab. 3.3.1) and 20 stations in Switzerland. It consists of 
a daily model based on average daily global radiation, and on an independent stochastic model: 

( ) ( ) ( )hFKthFhFF tm +=′ ,  (7.2.19) 

where FF‘(h) is the normal distribution of hourly wind speed, Fm is the daily model and Ft the stochastic 
model. The stochastic model is defined as a first order autoregressive process AR(1): 
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 (7.2.20) 

where r(h) is a normally distributed random variable N(0.1). xm is calculated for the relevant climatic 
zone and continent: 
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 (7.2.21) 

The daily model Fm is calculated under local and climatic conditions with daily Kt and Gh values. The 
following categories were adopted:  

Tab. 7.2.5: Categories adopted in the daily model 

No. Climatic zone Local terrain 
1 Europe, III, 3 (e.g. central Europe) open 
2 III, 3 (Switzerland alone) lake 
3 Alpine zones II - IV mountain valley 
4 Alpine zones II - IV summit 
5 I, 1 – 4, II, 1 – 3, III, 1 – 2 (cold and very cold regions) general 
6 IV, 1 –7, V, 1 – 5 (tropics, subtropics) lake, sea 
7 III, 4 – 12 (e.g. continental regions of the USA) general 
 

In the daily model, the average values of the daily distribution of wind speed on clear days (Kt > 0.45, 
Gh > 100 W/m2) are stored for each terrain (Tab. 7.2.6). If the radiation values lie below the limiting 
values, no daily model is included. 

Tab. 7.2.6: Daily model of average daily distribution (Fm) for clear days in each category. The 
values are normalized to 0. 

Hour/climatic zone 1 2 3 4 5 6 7 

1 -0.4 -0.1 -0.8 0.5 -0.3 -1.1 -0.7 
2 -0.5 -0.2 -0.8 0.3 -0.4 -1.2 -0.7 
3 -0.5 -0.2 -0.9 0.2 -0.4 -1.4 -0.8 
4 -0.6 -0.2 -0.9 0.2 -0.5 -1.5 -0.9 
5 -0.6 -0.1 -0.9 0.1 -0.6 -1.5 -0.9 
6 -0.6 -0.3 -1.0 0.1 -0.6 -1.5 -0.9 
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7 -0.6 -0.4 -0.9 0.0 -0.6 -1.5 -0.9 
8 -0.5 -0.4 -0.9 -0.2 -0.5 -1.4 -0.7 
9 -0.2 -0.3 -0.7 -0.3 -0.3 -1.0 -0.4 

10 0.0 -0.1 -0.3 -0.5 -0.1 -0.4 0.1 
11 0.3 0.1 0.1 -0.5 0.0 0.3 0.5 
12 0.5 0.2 0.7 -0.5 0.2 0.9 0.8 
13 0.6 0.2 1.1 -0.5 0.4 1.4 1.0 
14 0.7 0.2 1.6 -0.5 0.5 1.8 1.1 
15 0.8 0.3 1.8 -0.4 0.7 2.1 1.2 
16 0.8 0.2 1.9 -0.4 0.8 2.2 1.2 
17 0.7 0.1 1.6 -0.3 0.8 2.1 1.2 
18 0.6 0.1 1.2 -0.1 0.8 1.8 1.0 
19 0.3 0.1 0.6 0.1 0.6 1.3 0.6 
20 0.0 0.3 0.0 0.4 0.3 0.7 0.2 
21 -0.1 0.3 -0.4 0.6 0.0 0.2 -0.3 
22 -0.2 0.2 -0.6 0.7 -0.1 -0.5 -0.5 
23 -0.3 0.1 -0.7 0.6 -0.2 -0.8 -0.6 
24 -0.3 0.1 -0.8 0.6 -0.3 -1.0 -0.6 

 

The hourly values (FF‘(h)) were calculated using Eqns. 7.2.19 to 7.2.21 and then transformed to 
correspond to the distribution of hourly values for the site. It is assumed that the form of the 
distribution (f) corresponds to a Weibull distribution (SFOE, 1990) (Eqn. 7.2.21). Following 
transformation, the final values of FF(h) are obtained. 
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 (7.2.21) 

The parameters A and k required in the Weibull distribution, as well as the standard deviation sdi, are 
estimated from wind speed (Eqns. 7.2.22 to 7.2.29). To determine the parameters k, similar local and 
climatic categories are used as for the daily model. The models were changed for version 4. In the 
current version, the parameter A and sdi are calculated mathematically. 

1. Open or Sea/Lake: 

Climate zone III: 

( )( 07.2log35.048.1 )−⋅+= monthFFik  (7.2.22) 

 Climate zone IV, 1, latitude > 35°N or latitude < 35°S: 

( )( 59.1log29.021.1 )−⋅+= monthFFik  (7.2.23) 

Climate zone IV, 2 – 7, latitude > 35°N or latitude < 35°S: 

( )( 07.2log35.048.1 )−⋅+= monthFFik  (7.2.24) 

Climate zone IV, V, 35°S < latitude < 35°N 

(monthFFik ⋅+= 21.009.1 )

)

 (7.2.25) 

 

2. Summits: 

( )( 08.2log243.037.1 −⋅+= monthFFik  (7.2.26) 

3.  Valleys, cities and sites with obstacles around: 

( )( 22.1log37.021.1 )−⋅+= monthFFik  (7.2.27) 

Calculation of A and sdi: 

A and sdi are dependent on k: 
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Validation 

The calculated hourly wind values were tested using data from 15 stations in the USA and Switzerland 
(Tab. 3.3.2). The validation was restricted to checking the distributions. The results showed good 
agreement between calculated and measured data (Fig. 7.2.12). The average monthly values of 
generated data come to the original (interpolated or station) values. 

 

 

Fig. 7.2.12: Comparison between distributions of calculated (full line) and measured (broken lines) 
wind speed, showing data from Portland (MN, USA) (above), and Bern-Liebefeld (CH) 
(below). 

7.2.6.2 Wind direction 
A totally new wind direction generation process is used for version 5. 

The basis of the model are approximately 100 stations with stored wind direction distributions (45°) for 
the months of January and July. Mainly data from ISMCS (NCDC, 1995) are used. 

The nearest site is chosen as representative. The monthly distributions are calculated as a weighted 
average of the July and the January distributions. If monthly mean values of wind direction are 
available, the distribution are turned in order that the maximum value of the distributions matches the 
mean direction value. 

The generation process is based on 3 steps: 
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1. Stochastic generation of an hourly time series of wind direction 

( ) ( ) ( )1,01914.0 NtDDtDD +−′+=′  (7.2.30) 

No relationship has been used between wind direction and other meteorological parameters. 

2. Mapping of the generated values to the interpolated distribution (45° band with, 0 – 360°). 

3. Overlying a second stochastic process in order to get finer resolution: 

( ) ( ) ( )1,081914.0 NtDDtDD ⋅+−′′+=′′  (7.2.31) 

4. The definitive wind direction DD is calculated as sum of the two ARMA(0,1) processes: 

( ) ( ) ( )tDDtDDtDD ′+′′=  (7.2.32) 

The resulting wind roses look reasonable. Of course they can only be approximations. Two examples 
from the Atlantic Ocean are shown below (Sable Island / NS Canada and Izana Mountain Top / 
Canaries E). Both the west and the trade wind system are reproduced (Fig. 7.2.13 – 14). 

 

Fig. 7.2.13: Wind rose of Sable Island (west wind system). 

 

Fig. 7.2.14: Wind rose of Izana Mountain Top (trade wind system). 
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7.2.7 Atmospheric pressure 
The atmospheric pressure at a particular station is set to the same value the whole year round. The 
model used for average air pressure assumes a polytropic atmosphere with constant temperature 
decrement (-6.5 °C/km) and constant temperature at sea level (15 °C) (7.2.33). 

264.5

15.288
0065.011013 



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−⋅=
zp  (7.2.33) 

p: Atmosphere pressure [hPa]  z: Height above sea level [m] 

7.2.8 Heating degree days 
The heating degree days (HDD) represent a simple and commonly used method for calculating the 
energy consumption of heated buildings. In Version 5.0 (as in the previous version), heating degree 
days are estimated using generated hourly temperature series. They can be calculated with the output 
formats LESOSAI or sia 380/1. The generated values have an accuracy of about 1% compared to the 
listed values in Switzerland (sia 381/2). 

7.2.9 Precipitation 
In former versions of METEONORM, precipitation was only available as monthly sums. A new 
generation process is introduced for version 5. It is based on the broad knowledge available from 
many publications of weather generation, which are mostly related with the WGEN generator 
(Richardson and Wright, 1984).  

The reason for choosing new algorithm was that time series of precipitation are also needed in 
building simulation and that no existing method was based on solar radiation, which is available in this 
case. Generally the generation of the dry or wet days' time series is the first step. Additionally the 
existing generators are fitted to agricultural simulations, mostly provide only daily time series and are 
site dependent. The proposed method produces first daily precipitation series and then hourly values 
for every site worldwide. 

7.2.9.1 Daily precipitation values 
At the beginning of the generation process the worldwide, monthly values of precipitation and the 
number of days with precipitation above 1 mm are known. Additionally clear and all sky radiation, 
cloud amounts and temperature (ambient, dewpoint) time series are available. The produced time 
series correspond to mean monthly means. 

Before the generation starts the number of days with precipitation above 0.1 mm (Rd0) is calculated 
with the following Equation: 
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⋅+=  (7.2.34) 

The Equation has been adapted to data of 25 European stations with measurements from 1901–99 
(r2= 0.726). 

A second value for the generation process is calculated: the mean amount of dry spells per month: 

( )[ ] 01 0   ,  ln507.6041.22 RdndaysDsRdINTDs −<<⋅−=  (7.2.35) 

The Equation has been adapted to data of the same 25 European stations (r2= 0. 773).  
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The generation process starts with finding the n = Rd0 days with the lowest clearness indexes of the 
month. These days are assumed as days with precipitation. The days are sorted according the 
clearness indexes. The lower the clearness index, the higher the precipitation is set. 

The amount of precipitation per day is calculated with a Weibull distribution (Selker and Haith, 1990) 
also used in the ClimGen generator (http://www.bsyse.wsu.edu/climgen/ ). 

( ) ( )( 333.1

0

1ln84.0 n
m

d P
Rd
RRPRR −−⋅= )  (7.2.36) 

where k = 1/1.333 and A = 0.84 * RRm/Rd0 = 1/Γ(1+1/k) * RRm/Rd0 and 
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 (7.2.37) 

The cumulated probabilities Pn are stretched slightly. First tests have shown that the distribution are 
better reproduced this way. 

The precipitation amount is summed for each month. If the sum differs from the interpolated mean the 
daily values are corrected by a factor. 

If the generated dry spells are lower than the modelled ones (Eqn 7.2.35), the rainy days are moved 
by one day if possible in order to achieve the correct days with dry spells.  

 

http://www.bsyse.wsu.edu/climgen/
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7.2.9.2 Hourly values 
First the number of hours with precipitation (for days with precipitation) is calculated with the following 
Equation: 
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 (7.2.38) 

The number of hours of precipitation is mainly dependent on the amount of precipitation per day (RRd) 
and the mean intensity of the precipitation per day of the month (

0Rd
RRm ). The Equation was adapted 

to hourly precipitation data of Bern-Liebefeld, Neuchatel, Davos, Luzern and Locarno-Magadino with 
data of 2000 and 2001 (r2=0.815). The numbers of hours are set between 1 and 24. This set of 
stations includes regions both south and north of the Alps with different kinds of precipitation regimes 
(advective and convective). The factor 1.5 was introduced due to lowering of the precipitation hours by 
other parts of the chain of algorithms. Mainly the time series of cloud cover limits the hours of 
precipitation. 

Hours with precipitation have to fulfil a second condition: the mean cloud cover has to be at least 6 
octas. If less hours with 6 octas are available per day, the number of hours are set to this lower value.  

In a second step, the possibility of precipitation per hour is simulated with an autoregressive process 
and a mean daily profile. This is done because the possibility of precipitation is generally higher in the 
evening and the night than in the morning hours.  

( ) ( ) 





 ⋅++⋅+=

24
21

2
sin15.01 ππ hhPm  (7.2.39) 

( ) ( ) ( )1,02.017.0 NhPhP ss ⋅+−⋅=  (7.2.40) 

( ) ( ) ( )hPhPhP smRRh
+=  (7.2.41) 

The hours with precipitation is moved to hours with 7 or 8 octas of cloud cover by enhancing the 
possibility at hours with 8 octas by 0.5 and at hours with 7 octas by 0.25. The possibility of 
precipitation is used to sort the hours with precipitation. If e.g. the day has 5 hours with precipitation 
the hours with the 5 highest values of PRRh are chosen and sorted.  

The amount of precipitation per hour is defined with a Weibull distribution: 

( )[ 7.11log647.0 n
rh

d
h P

n
RRRR −−⋅⋅= ]  (7.2.42) 

where k = 1/1.7 and A = 0.647 * RRd/nRh = 1/Γ(1+1/k) * RRd/nRh and 
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The cumulated probabilities Pn are stretched slightly. First tests have shown that the distributions are 
better reproduced this way. n corresponds to the sorted number of hours with precipitation according 
to the possibility (PRRh). 

The generated hourly values are corrected in order to match the daily sums. 
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7.2.9.3 Validation 
A short validation at 6 stations in Europe was performed (Tab. 7.2.7).  

Tab. 7.2.7: Test sites for precipitation model. 

Site Source Latitude 
[°,’] 

Longitude 
[°,’] 

Altitude 
[m] 

Period Time resolution 

Bern-Liebefeld Meteoswiss 46.56 7.25 565 2000–2001* Hour 
Locarno-Magadino Meteoswiss 46.10 8.53 197 2000–2001* Hour 
Davos Meteoswiss 46.49 9.51 1590 2000–2001* Hour 
Vaexjoe/Kronoberg KNMI 56.87 14.80 166 1901–99 Day 
Frankfurt KNMI 50.12 8.67 103 1901–99 Day 
Marseille KNMI 43.31 5.40 75 1901–99 Day 
* Figures in Tab. 7.2.8 have beenwere adapted to mean values 1961–90. 

The following points were investigated: Days with precipitation over a certain amount, maximum daily 
and hourly sums (mean values per year), mean maximum duration of dry and wet spells per year and 
hours of precipitation (Tab. 7.2.8). 

Tab. 7.2.8: Comparison between measured and generated time series of precipitation. 

Site Type RR>0 mm 
[days] 

RR>1.0 
mm [days] 

RR>12.5 
mm [days] 

Max. daily 
sum [mm] 

Max. hour. 
sum [mm] 

Dry spell 
[days] 

Wet spell 
[days] 

RR 
[mm] 

Prec. 
Hour [h] 

Bern Measured 170 126 24 47.2 19.0 13 17 1029 1107 

Bern Generated 167 126 23 40.5 13.5 9 9 1025 1034 

Locarno Measured 138 105 47 113.0 36.8 33 10 1773 1149 

Locarno Generated 118 101 42 87.5 29.1 18 5 1772 1084 

Davos Measured 181 129 26 70.1 10.6 14 11 1084 1371 

Davos Generated 165 129 26 44.3 15.2 13 8 1081 1053 

Vaexjoe Measured 186 117 14 32.3 - 16 14 652 - 

Vaexjoe Generated 181 113 12 23.4 8 10 10 610 893 

Frankfurt Measured 172 110 14 35.3  17 12 650  

Frankfurt Generated 155 106 14 30.4 10.4 18 6 685 845 

Marseille Measured 83 56 20 65.2  33 7 596  

Marseille Generated 80 60 13 36.1 12.2 28 9 545 523 

Mean 
difference 

% 
-7 % -1 % -10 % -27.8 % -12.8 % -24 % -33 % -1 % -25 % 

 

Days with precipitation are reproduced well. Especially the lower thresholds (RRd>0mm, RRd>1mm) 
are given precisely. Monthly and yearly sums correspond to input values. Small differences in the 
table are induced by different time periods. The maximum daily sum is calculated too low (-28%). The 
maximum hourly sum is calculated quite precisely. The amount of wet and dry spells are calculated 
too low. This is mainly induced by the fact that the calculations are fitted to monthly means and not to 
yearly means. The number of hours with precipitation is also too low. Nevertheless, the deviations the 
different magnitudes of the precipitation for the different climates are clearly observable. 

In the following figures two time series of hourly precipitation for Bern-Liebefeld are shown. Figure 
7.2.15 shows a generated time series, 7.2.16 a measured time series (year 2000). 
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Fig. 7.2.15 Generated time series for Bern-Liebefeld. 

 

Fig. 7.2.16 Measured time series for Bern-Liebefeld (year 2000). 

 

7.2.9.4 Driving rain 
Driving rain is rain that is carried by the wind and driven onto the building envelope (façades and 
roofs). It is a complex phenomenon of falling raindrops in a turbulent flow of wind around a building. It 
is one of the important climatological factors which determine long-term use and durability of building 
envelopes. 

Driving rain is especially important for humidity processes, which are e.g. simulated by WUFI. For this 
tool a special output format TRY/WUFI can be saved (without driving rain, but with precipitation and 
wind speed). 

Straube's method (Straube, 2001) for calculating the amount of wind driven rain impinging on a wall 
was selected for use. It was chosen because it is one of the most conservative of the methods 
generally available and was also the method selected for incorporation into current models (Cornick et 
al., 2002). It is based on Lacy’s method (Lacy, 1965). 

The top corner of the building was assumed to be the location of interest; this was used in determining 
the RAF factor. 

( ) hh RRFFRRDRFRAFWDR ⋅⋅⋅⋅= θcos  (7.2.44) 

where: WDR is the wind driven load (mm/h), 
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RAF is the rain admittance factor. set to 0.9 here, 
RRh is the horizontal rainfall intensity (mm), 
FF is the wind speed at 10 m above ground (m/s), 
and θ is the angle of the wind to the wall normal. 
 

In METEONORM WDR is given without the factor cos θ, if elevation is set to 0. 

The driving rain factor DRF can by calculated from: 

tV
DRF 1

=  (7.2.45) 

where: DRF is the driving rain factor 
Vt is the terminal velocity of raindrops (m/s) 
 
The terminal velocity can be calculated from: 

9.2 ,   054888.0888016.091884.416603.0 32 ≤ΦΦ⋅+Φ⋅−Φ⋅+−=tV  (7.2.46) 

While Straube recommended using D50 for the raindrop diameter, the predominant raindrop diameter, 
Dpred, is used here for Φ (like for other current models like MEWS). This is the diameter of drops that 
accounts for the greatest volume of water in the air.  

232.0

1

1
h

n

pred RR
n

naD ≈





 −

⋅==Φ  (7.2.47) 

where:  
232.03.1 hRRa ⋅=  (7.2.48) 

n = 2.25 
 
 

7.2.10 Spectral radiation 
For spectral radiation we use the model developed by UMIST in the framework of the EU IST project 
SoDa. Spectral radiation is used here as an umbrella term for UV bands UVA, UVB and the erythemal 
radiation (Page and Kift, 2003).  

Four UV products are delivered: 

•  the estimation of UVA radiation between 320 and 400 nm. 

•  the estimation of UV B irradiation between 290 and 320 nm. 

•  the estimation of biologically weighted UV radiation, UV erythemal radiation. 

• UV Index: clear sky erythemal UV radiation in Wh/m2 multiplied by a factor 40. This gives a 
hint on the amount of sun protection needed at clear sky conditions. 

A detailed description of the model would exceed the range of this handbook. The model has not yet 
been validated. 
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The model consists of 4 main steps: 

1. Calculation of the clear sky radiation. 

2. Calculation of the overcast radiation. 

3. Calculation of mixed situations. 

4. Calculation of inclined planes. For this a slightly adopted Perez model is used (chapter 6.7.2). 

At each step global and diffuse radiation is calculated. The models were adapted to SMARTS 2 
(Gueymard, 1995) output. Linke turbidity, Angström Beta and water vapour are the most important 
inputs.  
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7.3  Summary of results 
Tables 7.3.1 and 7.3.2 provide a short summary of the main data used in validating the various 
models and the combined model in Chap. 7. 

Tab. 7.3.1: Summary of principal data for interpolation validation. 

Model rmse rmse 
 Monthly means/sums Yearly means/sums 
Interpolation of Gh 24 W/m2 / 15% 22 W/m2/ 13 % 
Interpolation of Ta 1.3 °C 1.1 °C 
Interpolation of Td 1.9 °C 1.7 °C 
Interpolation of FF 1.2 m/s 1.2 m/s 
Interpolation of RR 41 mm 30 mm 
Interpolation of Rd 2.4 days 3.5 days 
Interpolation of Sd 25.3 hours / 13 % 21.2 hours / 11 % 
Interpolation of DD 106 ° 74° 

 

Tab. 7.3.2: Summary of principal data for generation model validation. 

Model Resolution Remarks mbe rmse 
Generation of N hour  -0.1 octas 1.8 octas 
Calculation of Dh:     

- Hourly model hour Gh measured, (rmse: 
Gh > 0) 

4 W/m2 39 W/m2 

- Hourly model month Gh generated 4 W/m2 11 W/m2 
Calculation of Gk:     
- plane inclination 35° hour Gh measured, (rmse: 

Gh > 0) 
5 W/m2 33 W/m2 

- plane inclination 90° hour Gh measured, (rmse: 
Gh > 0) 

3 W/m2 51 W/m2 

- plane inclination 35° month Gh measured 3 W/m2 5 W/m2 
- plane inclination 90° month Gh measured 3 W/m2 8 W/m2 
- plane inclination 35 month Gh generated 0 W/m2 5 W/m2 
- plane inclination 90° month Gh generated 7 W/m2 7 W/m2 
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