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Summary 
Any study of the dispersion of pollutants released into the atmosphere close to the ground must 
take account of the State of stability of the atmosphere. This State of stability, or turbulence, is 
the result of the joint action of thermal and advectiye forces. The first methods used to calculate 
it, introduced by Pasquill (Pasquill and Smith 1983), Tumer (1964) and the German TALuft 
guidelines (Henselder 1986) are based on synoptic observations. Polster (1969) made compar­
isons using net radiation and wind speed and suggests a new way of calculating stability. The 
aim of the present study is to devise a system applicable to Switzerland, using a Holtslag and 
Van Ulden (1983) method for determining net radiation and considering only parameters meas­
ured at stations belonging to the Swiss Meteorological Institute s ANETZ network. The adjust-
ments have been made on the basis of two programmes currently in progress at Payeme for 
measuring (inter alia) net radiation and its components, and conventional measurements from 
an ANETZ Station. 

Toute etude de la dispersion de poUuants reläches dans l'atmosphere proche du sol fait intervenir 
les eonditions de stabilite de l'atmosphere. Cette stabilite, qui exprime egalement l'etat de 
turbulence, resulte de la conjugaison des forces thermique et d'advection. Les premieres me­
thodes pour la calculer, introduites respectivement par Pasquill (Pasquill et Smith, 1983), Tumer 
(1964) ou encore les directives allemandes TALuft (Henselder, 1986), sont basees sur les ob­
servations synoptiques. Polster (1969) a fait des comparaisons en utilisant le bilan du rayonne­
ment et la vitesse du vent et propose un schema de calcul de la stabilite. Le but du present travaii 
est de reprendre une parametrisation du bilan du rayonnement due ä Holtslag et Van Ulden 
(1983) en ne faisant intervenir que des parametres mesures aux stations du reseau ANETZ de 
I'institut Suisse de Meteorologie aßn de proposer un schema adapte ä la Suisse. Les ajustements 
ont ete realises sur la base de deux programmes de mesures qui se deroulent ä Payeme, com-
prenänt entre autres le bilan du rayonnement et ses composantes ainsi que des mesures conven­
tionnelles d'une Station ANETZ. 

Resume 



Zusammenfassung 
Bei der Bestimmung der Ausbreitung von Luftschadstoffen sind die Bedingungen der atmo­
sphärischen Stabilität massgebend. Diese Stabilität, welche ebenso den Turbulenzzustand an­
deutet, resultiert aus der Zusammenwirkung der thermischen und der advektiven Kräfte. Die 
ersten zu ihrer Bestimmung entwickelten Methoden von Pasquill (Pasquill und Smith, 1983), 
von Tumer (1964) und den deutschen Richtlinien TALuft (Henselder, 1986) stützen auf synop­
tischen Daten. Polster (1969) hat Vergleiche unternommen, wobei er die Strahlungsbilanz und 
die Windgeschwindigkeit eingesetzt hat, und daraus ein neues Schema erarbeitet. Die vorlie­
gende Arbeit hat zum Ziel die zur Berechnung der Strahlungsbilanz von Holtslag und Van Ulden 
(1983) vorgegebene Parametrisierung zu übernehmen und sie für den ANETZ-Datensatz der 
Schweizerischen Meteorologischen Anstalt (SMA) anwendbar zu machen, um dann ein für die 
Schweiz angepasstes Schema vorzuschlagen. Die Anpassungen erfolgen aufgrund von zwei 
Messprogramme, die zurzeit in Payeme durchgeführt werden, wo u.a. die Strahlungsbilanz und 
ihre verschiedenen Komponenten sowie die wichtigsten konventionellen Grössen einer AN­
ETZ-Station erhoben werden. 

Riassunto 
Tutti gü studi sulla dispersione degli inquinanti atmosferici vicini ai suoio fanno intervenire le 
condizioni di stabilitä dell'atmosfera. Questa stabilitä, che esprime d'altra parte anche lo stato 
di turbolenza, viene determinata dall'insieme delle forze termiche e d'avvezione. I primi metodi 
di calcolo di Pasquill (Pasquill e Smith, 1983), di Tumer (1964) et delle diretüve tedesche TALuft 
(Henselder, 1986), sono basati sulle osservazioni sinottiche. Polster (1969) ha applicato dei 
metodi comparativi utilizzando il bilancio della radiazione e ia velöcitä dei vento e ha proposto 
uno schema di calcolo della stabilitä. Lo scopo del presente Iavoro e di riprendere un metodo 
di Holtslag e Van Ulden (1983), per determinare il bilancio della radiazione e di fare intervenire 
solamente i parametri misurati dalle stazioni della rete ANETZ deii'istituto Svizzero di Mete­
oroiogia al üne di proporre uno schema adattato alla Svizzera. Gli adattamenti sono stati rea-
lizzati sulla base di due programmi di misura che si svolgono a Payeme e che comprendono, 
fra l'altro, il bilancio della radiazione e le sue componenti, come pure le misure convenzionali 
di una stazione ANETZ. 

Abbreviations 
ANETZ Automatic Network (network of automatic stations operated by the SMI) 
BSRN The "Baseline Surface Radiation Network" project 
COMRAD Project for comparing radiometers 
ENET "ErgänzungsNETz": a network complementary to ANETZ 
ENV Environmental Meteoroiogicai Department 
IEA International Energy Agency 
MET Middle European Time 
OFEFP Federal Department of the Environment, Forestry and the Landscape 
SMI Swiss Meteorological Institute (French : ISM) 
TALuft Technical Güidelines on Clean Air (Germany 
UT Universal Time 
WMO World Meteorological Organization 
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1. INTRODUCTION 
Swiss legislation on environmental protection requires that all plant construction or modißcation 
plans be subject to an environmental impact assessment, particularly where pölluting emissions 
are released into the atmosphere. The thermodynamic State (or degree of stability) of the atmos­
phere close to the ground, coupled with advection, determines the atmosphere's ability to dis­
perse locäl or regional pollution. This atmospheric dispersion capability is calculated using 
mathematical models for which numerical or Statistical good quality data on the layer of atmos­
phere concemed are required. 
The methods (also known as "schemes") Used for caiculating atmospheric stability are those put 
forward by Pasquill (Pasquill and Smith, 1983), Tumer (1964), the German TALuft guidelines 
(Henselder, 1986) and Polster (1969). The first two of these schemes use synoptic data, partic­
ularly cloud cover, Observation of which is indeed still carried out ät most ANETZ stations but 
often with insufßcient frequency for this particular application. Only a few stations observe the 
cloud cover eight times a day - which wouid be sufßcient for these purposes. The rest provide 
observations only three times a day and none at night. Furthermore, the topography of Switzer­
land is such that it wouid be difßcült to use these observations as the basis for interpolating 
spätio-temporal cloud cover figures. The estimation of cloud amounts has therefore been dealt 
with in a separate chapter. The Vogt-Polster scheme is the result of a study correlating "synoptic" 
parameters with more direct measurements of air stability such as the verticai temperature 
gradient (measured at intervais of 100m) Or net radiation. In Switzerland, these two parameters 
are seldom measured. The new national network for monitoring air quality (NABEL), consisting 
of 16 stations, includes a measurement of net radiation. 
To meet the pressing demand for a gaussian-type model of atmospheric dispersion for use in 
impact studies, hourly series of stability ßgures were initially produced from simple but statis-
tically acceptable estimates of net radiation based on ANETZ data. It proved necessary to adapt 
the Pasquill-Tumer and TALuft schemes separately. This procedure is set out in Annex 1. The 
ßrst "Dispersion climatology" log-books, drawn up separately for each ANETZ Station, were 
prepared using this provisional method. 
The purpose of this study is to bring the deßnitions which have been used for the last few decades 
into line with the new measurements which have been introduced into the ANETZ network, 
with a view to producing time sequences of stability ßgures. The reference scheme is Polster s, 
and the entry data inciude net radiation as well as wind speed. A method deveioped by Holtslag 
enables net radiation to be calculated oh the basis of conventional climatological measurements. 
The ANETZ network has the advantage of measuring global radiation, and thus provides more 
accurate ßgures than wouid be obtained by caiculating the global radiation on the basis of the 
sun's elevation and the cloud cover. The adjustments to this method have been made on the basis 
of two programmes currently in progress at Payeme for measuring (inter alia) net radiation and 
its components, as well as conventional measurements from an ANETZ Station. A comparison 
of the measurements obtained by these two programmes, which overlap to some extent but use 
equipment of different design, has shown how tricky it can be to measure net radiation and its 
components. Moreover, these observations have, more than once, raised question marks over 
some of the adjustments made during the initial phase of this study. 
The report is structured as follows. Chapter 2 provides a survey of the types of measurement 
invoived. The probiem öf estimating cloud cover (chapter 3) logically precedes the parametri-
zation of net radiation and its components (chapter 4). The Statistical analysis of the data was 
carried out using S- PLUS Software (Statsci, 1991). 
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2. MEASUREMENTS 
The hourly data used in this study come from the ANETZ Station at Payeme, the COMRAD 
project (comparison of radiometers) and to a lesser extent the COMVENT project (comparison 
of anemometers) begun at Payeme in late 1987. The measurement period chosen was three years 
- from December 1987 to November 1990. Apart from the usual climatological and synoptic 
measurements, THE ANETZ network provides figures for global radiation and the temperature 
ät 5cm above the ground. These data are recorded at MET in the department's TTDOMES data 
bank, in which the COMRAD hourly average ßgure is recorded 40 minutes before the ANETZ 
average. 

21 The COMRAD project 
The aim of the COMRAD project (Wasserfallen, 1991) was to compare the technicai Perform­
ance of different radiometers and sunshine recorders. From 1988 to 1993, the project measured 
the principal components of solar radiation and a number of conventional parameters. The 
radiation parameters were given different names by different authors, and the hömenclature also 
depended on whether it related to ground level radiation or to a layer of the upper atmosphere: 

Global solar radiation (pyranometer) G = K^ + K-̂ dif 
ReHected global solar radiation (pyranometer) R -s- Kt 
Diffuse solar radiation (pyranometer) D K^dif 
Downward total radiation (pyrradiometer) = W + G 
Upward total radiation (pyrradiometer) QT — E + R 
Net radiation (differential pyrradiometer) = (G-R) + (W-E) 

and the calculated components of long-wave radiation near the groünd: t 
Atmospheric radiation W -s-
Terrestrial radiation E ^ LT 

Thus the main balances - for shortwave radiation K*, longwave radiation and net radiation 
Q* can be calculated. The net radiation figure is thus obtained in two ways: by direct measurement 
and by measuring its components. The Symbols for these balances are marked with an asterisk: 
unmarked letters are reserved for other values. In the case of sunshine duration the measurement 
method adopted is as follows: 

Sunshine duration (sunshine recorder) S in 1/100 hours 

2.i./ MeasKrcHteMfproMems 
As long ago as September 1992, measurements taken at Payeme under the BSRN (Baseline 
Surface Radiation Network) project run by the World Meteorological Organization (WMO, 
1991) brought to light a number of discrepancies in the values for longwave radiation calculated 
on the basis of pyrradiometer readings and measured by Funk-type balance meters. This probiem 
is discussed in the WMO guidelines (WMO, 1990). It particularly affects the determination öf 
daytime longwave radiation when the solar radiation is intense. Comparisons with readings from 
pyrgeometers Jiave shown that the calibration coefficients of pyrradiometers, Which are not 
protected from direct sunlight, consistently show errors when the radiation is intense. The error 
may be as much as 5% in the case of terrestrial radiation (E), and may result in an underestimatiön 
of the value of Q*. This anomaly does not appear in the ßgures for atmospheric radiation when 
based on measurements of diffuse radiation (W=Q^dif - KMif) since the measuring instmments 
are protected from direct sunlight. For these three values (E, W, Q*), comparison of the results 
obtained using pyrradiometers and pyrgeometers over a 12-month period (September 1992 to 
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Figure 1. Comparison of the yalues (in WVm̂ ) for atmospheric, terrestrial and net radiaüon as between the 
COMRAD and BSRN projects, September 1992 to August 1993. 

August 1993) enables us to suggest a number of corrections to measurements made under the 
COMRAD project. 
As shown in Figure 1, the pyrradiometers (pd) used in the COMRAD project undervalue the 
parameters indicated. These discrepancies appear at night as well as during the day. In the case 
of atmospheric radiation (W), there is a virtually constant difference of less than 2%. 

W«„rected = 1-0175 W,, (1) 
This correction is valid for both day and night readings. Some discrepancies occurring towards 
the end of the night, and which correspond to a considerable overvaluation of the COMRAD 
ßgure, are due mainiy to dew or frost förming on the pyrradiometer dish. This results in negative 
balance values which are too low, as can be seen from the spread of dots in Figure 1 (right hand 
graph). 
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3 



Figure 2 illustrates the effects of summer dew and winter frost. Insufßciently ventiiated instru­
ments are affected by these phenomena, which occur under certain thermodynamic eonditions 
determined by the reiative humidity, temperature and wind speed. Roughiy 6% of instrument 
errors (> 20 W/itf) äre associated with this type of phenomenon, 
The ßgures for noctumal terrestrial radiation (E) are in complete agreement, but the daytime 
ßgures must be corrected to allow for the intensity of direct sunlight. 

Benote« = Ep<, + 0.0164G + 0.000015Ep,G (2) 
An alternative correction, = Epd + 0.023 G , is simpler and is acceptable: however, 
under eonditions of strong sunlight it becomes less accurate. 
A similar correction is required for the daytime net radiation Q*: 

QL.cted = 0.914CT, + 0.1G + 0.0000816Q̂ G (3) 
At night, the COMRAD measurements overvalue the radiation loss (Abstrahiung), especially 
at values below -20 W/m̂. The COMRAD ßgures äre ambiguous at the lower end of the ränge: 
some closely match the BSRN measurements while others (the majority) differ signißcantly 
from them. The optimal correction for the ßgures as a whole is 2 +0.95Q*, but to coneentrate 
on the discrepancy in the majority of readings wouid reqüire a correction of 4 +0.95Q*. The 
regression between the difference WontcKd-E and Q* in the COMRAD ßgures conßrms the cor­
rection 4 +0.95Q*. As already stated, the (dispersed) discrepancies corresponding to COMRAD 
ßgures which are much too low are due to temporary factors such as dew and frost. These 
changes in the ßgure for noctumal net radiation are responsible for a residual error of less than 
7 W/nA 
Subsequently, the "corrected" COMRAD ßgures for the period 1988-90 will have been corrected 
by equations (1) to (3) and by 4 +0.95Q* for the noctumal net radiation ßgures. Finally it should 
be noted that these corrections relate only to the COMRAD project's pyrradiometers and are 
not applicable to other instruments. 

2.2 The ANETZ, ENET and NABEL networks 
Hächler (1993) gives information on the SMI's Observation and measurement networks. The 
ANETZ network consists of more than 70 stations throughout Switzerland. Since 1978 it has 
steadily been replacing conventional weather stations. A complete list of the stations together 
with their geographica! coordinates (useful for the calculation proposed in Annex 3), distances 
and certain detäils relevant to this study are given in Annex 5. At each Station, between 15 and 
25 meteorological parameters are measured automatically every 10 minutes. Some Visual ob­
servations are still carried out, but not according to a schedule common to all stations. The ENET 
network is chießy concemed with wind measurements. Few of its stations take a broader ränge 
of measurements of direct use for the purposes of this study. They may, however, be useful in 
combination with ANETZ stations. 
From 1989 to 1991, the OFEFP completely reorganized the NABEL network (national network 
for observing air pollution). Filiiger (1993) has given a complete description of the reorganiza-
tion. Under the new system, each Station carries out a series of measurements including net 
radiation and wind speed - which are the two data needed to determine atmospheric stability 
(see Annex 1). 
The locations of the ANETZ, ENET and NABEL stations are indicated on the same map in 
Annex 5. 
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3. ESTIMATING THE CLOUD COVER 
Not all ANETZ stations have the same programme for cloud Observation. Pourteen stations 
located in open country (including Payeme) or in Valleys measure cloud amoünts every three 
hours. Thus hourly figures for cloud cover can be produced by assigning the observed value to 
the hour preceding and the hour following the Observation. The other stations make three ob­
servations - at 06.00, 12.00 and 18.00 hours UT. It is therefore ä matter of deciding which 
parameters measured by the ANETZ network express sufßciently clearly the grouhd-level ef­
fects of cloud cover by day and at night, so that hourly ßgures can be produced. 
Figure 4 (top) On page 8 shows the daily and yearly distribution of the frequency of observed 
cloud cover (expressed in decimals). Without going into detäils it is clear that "clear sky" (0:8, 
i.e. N=0) observations are much more frequent at night than during the day, and that completely 
overcast skies (8:8, i.e. N= 1) tend to be recorded at night rather than smaller cloud amounts (7:8 
to 5:8). This is at least partly due to the fact that it is more difßcult to make precise observaüons 
of cloud cover at night. Nevertheless, daily variations in cloud amoünts occur chießy when there 
is low to medium cloud cover, regardless of the time of year (e.g. regardless of the convective 
eonditions which obtain in Summer). The value N>1 indicates fog. 

3.1 The Albisser method, sunshine duration and giobai radiation 
A method for estimating total cloud cover at night was deveioped by Albisser (1983). This 
method takes aecount of the difference in temperature between 2m and 5cm äbove ground level, 
precipitation, relative humidity and wind speed. Details of the algorithm are given in Annex 2, 
together with a variant of the class limits for temperature differences - the purpose of which is 
to aChieve a more even balance between the estimated occurrences of zero or moderate cloud 
cover and the number of occurrences actually observed. Figure 3a shows how the results of this 
method correlate with observations. The dotted curve omits the early and late night, when the 
method works less Well. 
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Figure 3. Correspondence between observed cloud cover and simuläted cloud cover, Payeme 1988-1990, 
as calculated: (a) by the modified Albisser method; (b) by the sunshine duration; and (c) by the global 
radiation G 

Davtime ßgures for sunshine duration S and global radiation G are affected by passing clouds. 
Nevertheless, these ßgures reßect responses which differ physically not only from one another 
but more especially from the Visual Observation of cloud cover. When there is little observed 
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(i.e. actual) cloud cover, the spatial distribution of the clouds can make a tremendous difference. 
At middäy, for example, an area of clear sky or cloud on the horizon will not be registered by 
the automatic measurement system, whereas a human observer will take account öf them. Al-
lowance must also be made for the extent to Which the sensitivity threshold of sunshine recorders 
(solar irradiance >120W/m̂ , ANETZ: >200W/m̂ ) affects the figures for sunshine duration 
(Heimo, 1990). The dotted curve in Figure 3b shows how the figures are altered byomitting the 
beginning and the end of the day. Staüstically, therefore, sunshine duration has msufncient 
discrimination under slightly or very cloudy eonditions (see Figure 3b, curve cut-off points). It 
has, however, the advantage of being virtually unaffectedby seasonal Variation. Global radiation 
(Figure 3c) also performs poorly when cloud cover is slight. It is affected by the density and 
thickness of the clouds and is thus a better indicator of Very cloudy eonditions. Tests have been 
Carried out on a number of ways of compensating for these discrepancies between measurement 
and Observation. The unbroken curve in Figure 3b may be expressed by the following polyno-
mial: 

Cloud cover = 0.22 + 1.04 x - 0.33 x̂  where x = 1-S, S given in hours/100 (4) 

or by moderating the greater indeterminaey around sunrise and sunset and when there is füll 
sunshine but the sky is not completely clear: 

Cloud cover = 0.92 x°̂  + 0.08 x̂  (5) 
The unbroken curve in Figure 3c is well expressed by the following polynomial: 

Cloud cover = 0.16+ 1.41 x + 1.22 x̂  - 3.88 x̂  + 2.16 x** where x = (1 - G/Go), (6) 

or as above in order to take better account of the greater indeterminaey around sunrise and sunset 
and when there is füll sunshine: 

Cloud cover - 0.79 x°̂  + Q.80 x - 0.59 x̂  (7) 
Go is the global radiation when the sky is clear (cloudless), and its evaluation is dealt with in 
paragraph 4.2 and in Annex 3 . When G>Go, the inverse Value of the ratio is used; this represents 
a random redistribution of uncertain instances (at the measurement limits) at sunrise and sunset, 
and of cases where the sky is not completely clear or not completely overcast but the cloud 
reverberation is particularly intense. 
The dotted curve in Figure 3c corresponds to equation 8 (Kasten and Czeplac, 1980): 

l--§- = - h j N ^ where b, = -0.75 and bz = 3.4 (8) 

This type of equation accentuates the indeterminaey where clöud cöVeris slight. Bosshard (1992) 
has established the bl and b2 parameters for the different types of cirrus, altoeumulus, stratus 
and cumulus cloud as observed at several ANETZ stations. His study shows that, given equal 
total cloud cover, global radiation is most attenuated by stratus cloud. Altoeumulus and cumulus 
produce virtually the same degree of attenuation, whüe cirrus has only a slight Screening effect. 
Occurrences of fog, by night and by day, are determined using an Albisser criterion which 
requires that there be no precipitation, that the air temperature at 2m AGL be no higher than at 
5cm AGL, the relative humidity greater than 94.5% and the wind speed less than 1.2 m/s. 
Observed cloud cover is expressed in diserete values. To compare the procedures, the values of 
1 - S or 1 - G/Gg can also be made diserete. To show as clearly as possible the distribution of 
the observations, the following ciasses (Table I) have been calculated in accordance with the 
inverse application of equations 4 to 7. 
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TaMe 1. Class limits for the distribution of the values of 1-S or 1 - G/Go in relation to the distribution of 
observed cloud cover. 

0 1 8 observed cloud cover 
] 0.02], 0.13,0.28,0.37,0.46,0.55,0.65,0.99, 1.01 for equation No.4 
] 0.02], 0.16,0.33,0.44,0.55,0.66,0.76,0.99,1.01 for equation No.5 
] 0.02], 0.14,0.27,0.39,0.51,0.63,0.76,0.88,1.01 for equation No.6 
] 0.11], 0.24,0.34,0.46,0.55,0.63,0.77,0.92,1.01 for equation No.7 

The coefficients used for correlating calculated and observed cloud amoünts during the three 
year measurement period are given in Table 2. The day-night limit is set by the value of 5 W/nrP 
for the global radiation measured. The algorithms of the methods used and the eonditions applied 
in estimating the cloud cover are set out in Annex 2. The Albisser (1993) method is applied only 
at night. 
Table 2. Coefficients for correlating observed cloud amoünts with those calculated by various methods 

estimated 
cloud cover 

method 

A 
hourly 

Substitution 
parameters 

idem A 
+ observed 

cloud cover at 6, 
12andl8hrs* 

B 
Substitution param. 
averaged over 3 
consecutive hours 

idemB 
+ observed 

cloud cover at 6, 12 
andl8 hrs * 

Albisser (modißed) 0.79 (0.81) (0.85) 
Sunshine duration 0.77 0.89 0,80 0.89 
Equation No.5 0.78 0.89 0.80*=* 0.91** 
Ratio G/Gctear sky 0.74 0.82 0.77 0.83 
Equation No 7 0.75 0.89 0.77 0.91 
* including extrapolation ± 1 hour ** equation 5 with coefficients in the order 0.88 and 0.12 

The above methods are all difßcult to apply at sunrise and sunset. If these difßcult periods aTe 
discoünted, the coefficients improve by 5% at most. A practical improvement may be achieved 
by reihtroducing into the series the figures for observed cloud cover, since this Observation is 
carried out at most weather stations at least three times a day - at 6, 12 and 18 hours UT. The 
Albisser (1983) method takes account of the 6 and 18 figures only. By extrapolation, moreover, 
the observed cloud amount may be assumed to hold good one hour before and one hour after 
the time of the Observation. The coefficients given in columhs 2 and 4 of Table 2 simply serve 
tö show the maximum degree of correlation possible under the procedure. 
Given the nature of the sunshine duration measurement, acioser Statistical correspondence with 
the cloud cover actually observed at specific times wouid probably be achieved by taking the 
average figure for sunshine duration over three consecutive hours. Comparison of the correla-
tionsbetweencölumns 1 and 3 andeölumns 2 and4in Table 2 shows only aslightimprovement. 
Nevertheless, this Option brings the distribution of figures for slight cloud cover (Figure 4b) 
considerably more into line with that of the ßgures for observed cloud cover. There is ho such 
improvement in the case of global radiation (average calculated oh the G/Go ratio, Figure 4d). 

3.2 Summary of the options 
In accordance with the measurements and observations carried out at the SMI's weather and 
climatology stations, the following options are available for producing hourly ßgures for net 
radiation Q* parametrized with, among other things, total cloud cover N. 
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The SMI's first "Dispersion ciimatoiogy" iog-books use the foiiowing simple algorithms, in 
which the effect of cloud cover is implicit in G and AT: 

daytime (G>5 W/m̂ ): Q* = ̂  13.06 + 0.60 G values for Q* not corrected. 
night-time (G<5 W/m̂ ): Q* * AT = temperature difference between 2m and 5cm 

Where cloud cover is observed every three hours, the hourly sequence can be obtained by 
assigning the observed value to the hour before and the hour after the time of Observation. 
Otherwise the options set out in the previous paragraph ean be adopted, depending on which of 
the two measurements one has available. One can then go on to calculate the net radiation äs 
follows: 
- for daytime (G>5 W/m̂ ), use the sunshine duration averaged over three consecutive hours S3, and the equation: 

cloud cover = 0.88 x°S + 0.12 where x= 1 - S3 
If these values need to be changed into diserete values, use the following ciasses: 

] 0.02], 0.16,0.33,0.44,0.55,0.66,0.76,0.99,1.01 
- for night-time (G<5 W/m̂ ), use the modiRed Albisser algorithm (see Annex 2). 
Furthermore, Where cloud cover is observed three times a day (as is the case at most ANETZ 
stations), these data are introduced and extrapolated one hour before and after the Observation 
time: N(6h±l, 12h+l, 18h±l). 

Observed cloud cover 

ES o 

Cloud cover calculated using Albisser and sunshine duration 

a) b 
^ o 

9-* 9 3r ̂  0 0 ^ ^ 

Cloud cover calculated using Albisser and global radiation 

C) 

^ 0 

Figure 4. Daily and annual variations in the observed or calculated cloud cover, Payeme, 1988-1990 
(ato d: calculatedcloudcoveronly, i.e. withoutintroducingme obseryaüonsmade at 6,12and 18 hrs) 
(a) and (c): sunshine duration/hourly global radiation 
(b) and (d): sunshine duration/global radiation averaged over 3 hours 
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4. NET RADIATION 
The ground-level net radiation Q* can be estimated by parametrizing the terms of the following 
equation: 

Q* = ( l - r ) G + W-E (9) 
where r is the albedo at ground level. Terms W and E are parametrized in accordance with the 
proposals made by Holtslag (1983). 

4.1 Albedo 
In principle, ANETZ stations take their measurements on a regularly-mown grassy surface, as 
is the case at Payeme. Global radiation G is measured at all these stations. The albedo is deter­
mined using the equation R = rG . Its average value (COMRAD measurements limited to 
G > 5 W/m̂ ) is 0,24, with a Variation of 0.02 if the occäsional values greater than 0.4 seen in 
Figure 5a are disregarded. (The annual averäges were 0.255 in 1988,0.244 in 1989 and 0.236 
in 1990). Average albedo decreases slightly where global radiation increases: 
r(G>300 W/rn̂ ) = 0.23. Figure 5a clearly shows that the measurements become less accurate 
where global radiation falls below 300 W/nA This is partly due to the ground eonditions änd 
the sensitivity of the radiation detectors. The dots which lie outside the dense distribution gen­
erally denote snow on the ground. 
To homogenize equation 9 as far as possible, it is useful to knoW the stability of the value of r 
calculated on the basis of the four factors measured (corrected values). It varies with global 
radiation to a greater extent than the Variation indicated above. Regression gives 
r = 0.24-0.00006G, and this correction will be taken into account when caiculating Q*. 

o 
T3 
13 

0 200 400 600 800 
global radiation G, W/m̂  

2 4 6 B 10 12 
month 

10 15 
hours 

20 10 12 14 16 18 
hours 

Figure 5. Albedo measurements from December 1987 to November 1990/ 
a) as a function of global radiation G b) annual Variation 
c) daily Variation, April to September d) daily Variation, October to March 

The average monthly albedo (Figure 5b) does not vary in the course of a year, but the values 
are more dispersed in Winter owing, in part, to the snow cover. Only the albedo values lower 
than 0.4 have been used to test the daily Variation. Discounting the first and last hour of daylight 
(for which there are few values), a Variation in the average albedo clearly appears in Summer 
(see Figure 5c) but is negligible in Winter (Figüre 5d). Nevertheless, there is a marked Variation 
all year round if account is taken only of very sunny days or periods - as can be seen from 
Figures 6a and 6c. The dotted line in both these Figures indicates the lack of Variation in albedo 
under overcast eonditions, Some of these variations are certainly due to instrument probiems. 
The type of ground surface may also mtroduee a slight non-linearity between incident and 

9 



reßected solar radiation. The equation r = ̂  (R/G) shows that the way in which albedo r 
G/G 

varies in Figure 6 depends on the ways in which the average values relate to the whole. Thus 
the concave shape implies R/R > G/G. For the month of July in the three years during which 
measurements were taken, R = 145 W/m̂  and G" = 632 W/m̂, and the ratio R/G is 0.23. For the 
months of December and January in the three years of measurements, R = 79 W/m̂  and G = 
276, and the ratio is 0.29. Figures 6b and 6d show how the ratios of R and G to their average 
figures behave. Since this Variation occurs both in Summer and in Winter, it is unlikely to be 
caused by the type of ground surface and its effect on reHected radiation. Where instruments 
are concemed, the most serious relative measurement error might well arise from trying tö 
capture the diffuse radiation (as part of the global radiation measurement G) when the sun is 
low on the horizon. This wouid produce the inequality R/R > G/G . 

T3 UM 

10 15 
hours 

' < ' . I 

10 15 hours 10 15 hours 10 15 hours 
Figure 6. Daily variations in albedo and its components where sunshine duration exceeds 0.98/hour 

a) July 1988-1990: albedo (—) where sunshine duration < 0.1 
b) July 1988-1990: ratios R/R ( ), G/G ( ) and R/R : G/5(—) 
c) December and January 1987-1990: albedo (- - -) where sunshine duration < 0.1 
d) December and January 1987-1990: ratios R/R ( ), G/G ( ) and R/R : G/B (—) 

The following equations might be used to take account not only of the slight Variation in albedo 
caused by intense global radiation (as described earlier in this paragraph) but also of the Variation 
which occurs under moderately to very clear skies in the morning and evening: 

r = 0.24 where S<0.3 and r = 0.3 - 0.00015 G where S > 0.3 (10) 
The very low limit required for sunshine duration S is partly due to the sensitivity threshold for 
this measurement. 

4.2 Giobai radiation 
Global radiation G is measured at all ANETZ stations. At present, Switzerland does not really 
have any spatial interpolation methodfor producing hourly radiation ßgures. Thanks to the work 
commissioned by the International Energy Agency (Zelenka et al., 1992), and for which the 
ANETZ network was one of the test bases, it has been possible to work out a series of daily -
rather than hourly - ßgures for any location in Switzerland, Although measurements taken by 
satellite have been shown to complement these ßgures (d'Agostino and Zelenka, 1992), we are 
as yet unable to apply these methods on an hourly basis. 
There are, moreover, quite a number of models for caiculating global radiation Gby ßrst deter­
mining the amount of solar radiation under clear sky eonditions Go and then applying to this 
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figure the attenuation due tö cioud cover N (Davies et ai, 1988). In the previous chapter we 
referred tö the Kasten and Czeplac model (1980). One simple parametrization of Ĝ  is 

Ĝ  = atsin^ + â  (11) 
Where (]) is the elevation of the sun. An algorithm for caiculating the elevation of the sun, 
simplified but sufßciently precise for this application, is given in Annex 3. Values at and a2 are 
site-specißc empirical coefficients which vary according to the regional average air turbulence 
under cloud-free (clear sky) eonditions. They also depend on the quality of the equipment 
available for identifying those eonditions. 
Table 3. Caiculating global radiation under clear sky eonditions (equation No. 10) 

Stations Cloud 
cover 

Sunshine 
duration 

al 
(W/m2) 

a2 
(W/m2) 

No. of 
instances 

Residual 
error 

Payeme COMRAD <1:8 1075 -79 1888 32 
Payeme COMRAD >0.98 1077 -77 3047 29 
Pay erne ANETZ < 1:8 1046 -82 1879 31 
Payeme ANETZ >0.98 1046 -77 3024 30 

Table 3 gives the coefficients aj and a2 calculated for Payeme on the basis of the hourly sequenc­
es. It matters little whether interposed hourly ßgures are used or simply the 8 daily observations 
of cloud cover: the value of these coefßcients is scareely affected. The same cloud cover Obser­
vation is used with the COMRAD and ANETZ measurements. Nor does it much matter whether 
"clear sky" is deßned as cloud cover 0 or < 1:8, since the values of a] and a2 are hardly affected. 
The only difference is that the residual error increases slightly. The limit values G >5 W/m̂  and 
()) >5° have been applied. At Payeme, the highest point on the horizon lies to the south-east and 
is no higher than 4.5° (Zelenka et al., 1991). At this level there is no discrepäncy between the 
measured ßgure for global radiation and the ßgure derived from the visual Observation of cloud 
cover; especially when the latter is slight. 
Since the ANETZ network measures global radiation G, there is no point investigating any 
further the methods used for caiculating this parameter. 

4.3 Atmospheric radiation at ground level 
Comparison of the measurements carried out under the BSRN and COMRAD projects (see 
paragraph 2.1.1) shows that the COMRAD ßgures for atmospheric radiation differ only slightly, 
but they do so systematically. They have been adjusted only for the sake of homogeneoüs data 
processing. 
4.3. J C/eartceafAer 
Under a clear sky (cloud cover < 3/8), atmospheric radiation Wg varies very little: the average 
daily Variation is 30 W/nf in Summer, ahd practically nil in Winter. The annual Variation in­
creases from 260 W/m̂  (monthly average) in Winter to 340 W/m̂  at the height of Summer. 
Figure 7 shows how the measured radiation W varies with the temperature at 2 metres above 
ground level (2m AGL) under clear weather eonditions (W„), distinguishing between daytime 
ahd night-time values. Figures 7a and 7c relate tö an observed cloud cover of N=0. Clear sky 
eonditions are designated, in Figure 7b, by a sunshine duration exceeding 0.98 and, in Figure 7d, 

11 



by a cloud cover of N=0 calculated in accordance with the Albisser (1983) method described 
in Annex 2 (unmodified version). The occurrences öf fog (N=9) in Figure 7a correspond to 
maximum atmospheric radiation at a given temperature. The greater dispersion of night-time 
values also reflects the fact that cloud cover Observation at night is less accurate than in daylight. 
Atmospheric radiation under clear skies W„ may be parametrized using the absolute temperamre 
T measured at 2m AGL in accordance with the Stefan-Boltzmann equation: 

W. = EGT* . (12) 
where e is the emissivity of the atmosphere and c = 5.67 10Wm*^K^, the Stefan-Boltzmann 
constant. 

daytime 

6 s 
r 8 

-3 N 

daytime 

o -

mght 

Swinbank 

ntght 

§ -
270 280 290 300 270 280 290 300 

temperature (K) 
270 280 290 300 270 280 290 300 

Figure 7. Atmospheric radiation W at ground level as a function of temperature (2m AGL) under clear skies 
by day and at night, Payeme, Dec.87 - Nov.90 
a) by day, where observed cloud cover is N=0 or in fog where N=9 
b) by day, where the measured sunshine duration exceeds 0.98 
c) at night, with observed cloud cover N=0, (—) Swinbank curve Wo=5.31xlO *̂ T̂  (Holtslag) 
d) at night, with cloud cover N=0 calculated using the original Albisser method 

The regression curves in Figure 7 are drawn using the following equation and excluding the 
areas of major dispersion ("selection" column in Table 4). 

E = aTb (13) 
The characteristics of the curves are given in Table 4. The third and sixth lines refer to the cloud 
cover as calculated using the method described in paragraph 3.2 and the values corrected by 
equation No.l. The daytime curve is identical to the curve obtained using the observed clöud 
cover. The night-time curve gives a slightly (2%) lower value for e at high temperatures. 
TaMe 4. Relationship between emissivity E and temperature (equation No. 12, Figure 7) 

Reference selection total occurrences select. occurr. (%) 
W< 1.64 10"'"^ Figure 7a 0.00346 0.957 1013 82 

Figure 7b 0.00157 1.096 idem 3290 95 
N(as per § 3.2) 0.00342 0.959 idem 

Figure 7c 0.00010 1.596 W< 6.25 10*'^ 2660 77 
Figure 7d 0.000136 1.542 idem 3928 81 

N(as per §3.2) 0.000288 1.408 idem 
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A number of authors have proposed empirical formulae for determining the emissivity e of the 
atmosphere under clear sky eonditions (Culf and Cash, 1993). Some have taken as their only 
parameter the atmospheric water vapour pressure at ground level e, but this means that emissivity 
is related to air temperature only in terms of water vapour pressure - which varies considerably 
from one locality to another. For emissivity to depend entirely on water vapour pressure, the 
atmosphere wouid have to be unchanging and homogenous. Reconsidering the question in the 
light of this objection, Swinbank (Holtslag and Van Ulden, 1983) has shown, by Statistical 
correlation, that atmospheric radiation under clear sky eonditions varies with (so that emis­
sivity e -1*2) and proposes the equation: 

W. = C,T' (14) 
where c, = 5.3! 10**3 \yni'2K*6, a value estimated to be on average accurate to within 5%. 
According to the measurements taken at Payeme in 1988-1990 and the interpolated hourly 
ßgures for observed cloud cover, Ct = 5.81 10**3. If one täkes only the ßgures for the cloud cover 
actually observed, and with a slightly better correlation (0.86 rather than 0.83), ĉ  = 5.65 10**3, 
in which case - given an average temperature of 288K - the average emissivity e is 0.826. 
The Swinbank curve, which is intended to parametrize the occurrences of clear sky eonditions 
both at night and by day, is given as a dotted line in Figure 7c. Since the measurements made 
at Payeme show that the two sets of ßgures - for night and daytime - do not really overlap, this 
equation is centred on neither of them. Idso and Jackson (1969) postulate that, just above and 
just below 273K, emissivity varies symmetrically. They propose equation No. 15: 

e = 1-0.261 -exp [-7.77x10" - (273-T)2] (13) 

T(2m. night/ 

In Figure 8, the equations proposed by Swinbank (Holtslag and Van Ulden, 1983) and Idso and 
Jackson (1969) can be compared with the ßgures deriVed from the Payeme measurements. 
Comparison with the temperature measured at 30m AGL at Payeme conßrms that, if the tem­
perature at 2m AGL is used to determine Ŵ  (little or no cloud cover), the day and night-time 
ßgures appear more closely related than the measured longwave atmospheric radiation wouid 

suggest. The fact is that if the temperature 
is measured at 30m AGL, where the direct 
ground effects are already much attenuated, 
the values for a and b in equation 13 are: 
By day a = 0.0083 and b - 0.80, at night 
a = 0.00394 and b = 0.941. These coefß­
cients give values for which show a similar 
increase with temperature (see Fig. 8). If, 
on the other hand, the temperature is meas­
ured at 2m AGL, the daytime and night-time 
ßgures behave differently, and the differ­
ence is greater in Summer than in Winter. 
On a clear night in Summer the average tem­
perature at 2m AGL is appreciably lower 
than that of the radiating atmosphere above 
that level. By day, on the other hand, it is 
only slightly higher. The average differenc­
es are considerably smaller in Winter. 

Mso 

T(30m. night) 

T(2m. day) 
T(30m,day) 

Swinbank 

270 280 290 
temperature T 

Figure 8. Emissivity e of the atmosphere under clear sky eonditions 
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In line with the approach adopted by Holtslag and Van Ulden (1983) for parametrizing terrestrial 
radiation on the basis of the measured temperature at Im AGL, it is useful to analyse equation 
No. 12 on the basis of the difference T̂om - Tam. This equation can then be written as: 

W, M„ = W.,2m + AW (O (AT)) = E (o*T^ + 4<?T3„ (T,^-T^)) (16) 
since the higher order values of AT are negligible. The measured values for AW in equation 
No.16 are given in Figure 9 as a function of net radiation. The graph on the left shows that, by 
day, this value is slightly negative; its absolute value scarcely exceeds 5 Wmi?, whatever the 
cloud cover and radiation intensity, because of the thermal mixing which occurs during the day. 
It follows that the daytime temperature at 2m AGL deßnes the State of the lower atmosphere 
fairly accurately and, on average, provides only a slight overestimation of its radiation. 

o m 

o 

day and night 
c*smdcovet< M8 

o . ntght, ciond cover g 1/8 Mght, cibud cöver ̂5/8 

o -

100 00 200 300 -100 -60 20 0 -100 
W/m W/m 

-60 -20 0 
Q W/m2 

Figure 9. Distribution of the yalues of A W = 4oT^ (T^^-T^^) as a function of net radiation 

The graphs in the centre (observed cloud cover nil to Very slight: N<0.2) and on the right 
(considerable cloud coVer: N>0.6) show the interrelatedness of AW(Q*) at night. A comparison 
of the two graphs shows that AW is important only on clear nights. Furthermore, AW reäehes 
its highest values when the relative humidity is less than 90%. Under these eonditions there is 
intense stratißcation near ground level so that, if the temperature at 2m AGL is used (rather than 
some more representative temperature) in caiculating atmospheric radiation, the result will be 
an even greater underestimation. The probiem, then, is how to parametrize this correction. An 
attempt has been made in paragraph 4.3.3. In the central graph, the grouping of dots on the right 
hand side is due to the occurrence of dew or frost, as discussed in paragraph 2.1.1. 

4.3.2 Cloudy weat%er 
Atmospheric radiation at ground level increases with the cloud amoünts N, Ground-level fog 
means maximum atmospheric radiation. Such circumstances are illustrated in Figure 7a. Pal-
tridge and Platt (1976) propose the following linear equation: 

W = W0 + C2N (17) 

where C2 = 60 W/m̂  at temperate latitudes. This value corresponds to the maximum difference 
observable on the Q* scale in Figure 9 between the groups of points on the graphs in the centre 
and on the right. In equation No.17, N ranges from 0 to 1.125 (N=9/8 in the case of fog). With 
the corresponding coefficients for determining W{, (see Table 4), C2 remains virtually constant 
(at an average value of 57) both by day and at night, and regardless of whether the cloud cover 
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is observed or is calculated using the method described in paragraph 3.2. The actual values 
obtained are as follows- C2(by day, N.bs)=57, C2(at night, N.bJ=56, C2(by day, N^)=58, 
C2(at night, Nĉ )=56. The correlation between measüred and calculated atmospheric radiation 
is as much as 0.86 (0.83 by day and 0.89 at night), with a residual error of less than 20 W/m̂  
and a normal distribution of the residuals. 
4.3.3 ÄF* a&crMâ ve way (*/ca&*H/â Mg Koĉ arwaZ a&wô pAeWc rad*Mt̂M*w 
For the purposes of caiculating nocturnal atmospheric radiation, the temperature at 2m AGL 
yields the most accurate estimates when the lowest layer of the atmosphere is thermodynamically 
the most homogenous. This is probably die case when the wind (u) is moderate to strong, when 
there is precipitation and extensive cloud cover (N in 1/10) or when the humidity (h^ in %) is 
high. When, on the other hand, these parameters have low values, the atmosphere close to ground 
level is more straüßed, so that the temperature at 2m AGL becomes less representative. Thus 
equation No. 18 corresponds to equation No. 17, with an additional term which, essentially, 
makes allowance for low values of the parameters N and u (the latter expressed in m/s). Since 
the sum (N + Vü) ranges from 0.5 to 4 (10% of the values are between 0.5 ahd 1), the values of 
the exponential scarcely exceed 0.6. This term plays a less dominant role than in caiculating 
terrestrial radiation (see equation No.22). The correction for humidity shows that it has an 
important influence on the measurement of temperature at 2m AGL. Since this influence is left 
out of account when determining Ŵ  (expressed as W/m-% there is a close link between Ŵ  and 
h^-

W = 0.82Wo + 48N + Ö66h^ + 1 lexp [-(N + Jü) ] (18) 
The residual error here is, on average, 10% less than in the case of equation No. 17. If the cloud 
cover is calculated using the method adopted in paragraph 3.2, this makes a considerable dif­
ference to the terms of equation No. 18: their values are, in order, 0.84, 63, 0.35 and 57. This 
difference is partly due to the fact that the relaüve humidity and wind speed are already taken 
into account when caiculating the cloüd cover so as to distinguish occurrences of fog. 
A Iarge number of tests involving a great many conditiona! relationships between the parameters 
available at an ANETZ Station have shown that the residual error can be reduced by, at most, 
3 W/m̂. there is therefore no real reason for further complicating this parametrization. 

4.4 Terrestrial radiation 
Taking only the figures for clear weather, the monthly average terrestrial radiaüon measured at 
2m AGL ranges from 320 W/m̂  in December-January to 400 W/m̂  in July. The average daily 
Variation is greater than in the case of atmospheric radiation. It ranges from 110 W/mP in Summer 
to 60 W/m2 in Winter. 
Terrestrial radiation can be precisely calculated using the Stefan-Boltzmann equation, provided 
the ground radiation temperature is known. However, this temperature is hard to measure and 
ßgures are rarely available. ANETZ stations measure the air temperature at 5cm and 2m AGL, 
What We need to know, therefore, is whether and to what extent terrestrial radiation can be 
determined using these temperature readings only. Because of the difheulties referred to in 
paragraph 2.1.1 with regard to measuring the net radiation, a distinction is drawn between 
daytime and night-time measurements, Once the thermal gradient between 2m and 5cm AGL 
is known, an equation similar to No. 16 can be used: 

Escm = E2m + AE (O (AT)) = aT^ + 4oT^ ( T , ^ ^ ) (19) 
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One ean then examine what correction is needed if the only ßgures available are for die tem­
perature at 2m AGL. Only first order terms expressed in AT are important. Figure 10 shows the 
blas inherent in using the temperature äf 2m AGL. By day, the error is appreciably greater than 
in the case of atmospheric radiation (Figure 9). When there is strong direct radiation, the un-
derestimation may exceed 40 W/m*. Given equal radiation eonditions, it is scarcely inHuenced 
by cloud cover. At night, on the other hand, its behaviour is similar to that observed in the case 
of atmospheric radiation. The signs, of course, are opposite. The clearer the sky, the greater is 
the overestimation of terrestrial radiation. 
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Figure 10. Behaviour ofmeexpressionAE = 4pT^(T^-T^ as a function of net radiation 

Where measurements of the ground radiation temperature and of the air temperature at 1.1m 
AGL are available, and where the daytime air temperature is used, Holtslag and Van Ulden 
(1983) propose a compensatory expression proportional to the net radiation Q*. 

E = 0T4 + C3Q* (20) 

where C3 = 0.12. In their view, this equation is scarcely inHuenced by cloud cover or wind speed. 

A comparison bety/een the measurements taken at night by pyrradiometer and pyrgeometer 
shows that the ßgures are in complete agfeement. Moreover, a comparison between the meas­
urements and the oT* ßgures calculated using the measured temperature at 5 cm AGL shows 
that the term o*T̂  requires no adjustment. The regression leaves a residual error of 4 W/m? and 
a correlation coefßeient of 0.99. This model is therefore perfectly suited to appropriate appli­
cations. 
If the only measurement available is the temperature at 2m AGL, the adjustment E = 0.976 oT* 
leaves a residual error of approximately 7 W/m* and a correlation coefßeient of approximately 
0.97. Given the noctumal behaviour illustrated in Figure 10, an equation involving net radiation, 
similar to equation No.20, wöuld be as folloWs: 

E = oT^+0.31Q* 
with a residual error of 6 W/m* and a correlation coefßeient of 0.98. 

(21) 
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A similar approach to that adopted for noctumal atmospheric radiation (paragraph 4.3.3, equa­
tion No. 18) has been applied to terrestrial radiation. A Iarge number of tests have shown that 
the following equation is adequate: 

E = 0.94oT4 + 0.12Q* + 0.24h^-30exp [- (N + Vü) ] (22) 
Here, humidity plays a role similar to, but less important than, its role in the calculation of 
atmospheric radiation. However, the determining factor is low wind speed. Equation No.22 
leaves a residual discrepancy of less than 4 W/m* for a correlation coefßeient of 0.99. The 
coefßcients obtained using calculated ßgures for cloud cover are, in order, 0.95,0.13,0.22 and 
-29, and are thus virtually identical. 
4.4.2 7i?FyM̂ M̂  rad̂ â̂ 07̂ Ayday 
The temperature at 5 cm AGL may also be regarded as providing a good approximation of 
terrestrial radiation by day. Since this measurement instrument is neither ventiiated nor shielded 
from direct solar radiation G, the effect of sunlight on the instrument increases with intensity. 
The measurements (corrected by equation No.2) provide the following adjustment: 

cTL.-0.024G (23) 
If use is made of the air temperature, generally measured at 2 m AGL in accordance with the 
WMO Convention, the coefßcients of the following equations will be adopted. 

E = OT4+0.043Q* or E = oT^ + 0.027G (24) 
To preserVe the same form of equation for caiculating net radiation both by day and at night, 
version E(Q*) will be used. 

4.5 Net radiation 
Figure 11 shows the daily Variation in net radiation Q* för a completely clear day in winter or 
summer, and the distribution of its measured values (corrected COMRAD measurements) at 
night (G < 5 W/m*) and during the day for the years 1988 to 1990. 
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Figure 11. Net radiation: Daily Variation under clear weather eonditions, with night and daytime distributions 
given in absolute frequency (three years) 

On a clear night, net radiation ßgures may approach -90 W/m* in winter and -70 W/m* in summer 
during the early hours öf the night. The night-time distribution is bimodal. This shows that heat 
loss from the ground by radiation increases rapidly when the sky is sufßciently clear. Roughly 
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speaking, therefore, total cloud cover may be divided into two categories - one of less than and 
the other of more than 4/8. Nevertheless, this is still an arbitrary cut-off point, given the subjective 
nature of cloud Observation at night. The average ßgure for net radiation at night under clear 
skies (cloud cover < 3/8) is -42 W/m*: when the sky is cloudy (cloud cover 4/8 or more) the 
ßgure is -13 W/m*. The daytime distribution is given here only to show how the two distributions 
compare when we choose to separate the daytime and night-time periods by a cut-off value of 
5 W/m* for the measured global radiation G, 
4.5.i Summa?**! <*/;%e yaWoay wayy (*/câ caaMlfF*g wê  rada%M*M 
To calculate the net radiation at night and by day, one must at least know the temperature at 
2 m AGL and the cloud cover. If cloud cover is not observed locally, observations made (eight 
times a day) at the nearest synoptic Station may be used, as long as this Station is located within 
the same topographical entity. At present, many ANETZ stations carry out aredueed programme 
of cloud cover Observation but take continuous measurements of wind speed, global radiation G, 
the temperature at 2 m and 5 cm AGL and of the humidity and precipitation, so that the cloud 
cover can be estimated. Thus, on the basis of the various equations for caiculating atmospheric 
and terrestrial radiation, as setoüt in the earlier paragraphs of this chapter, there are eight different 
ways of caiculating the net radiation Q* as deßned by equation No.9. These "variants" are 
summed up in Table 5 below: 
TaMe 5. Variant ways of caiculating net radiation 

Vanants 
temperature 2m, 5cm 2m, 5cm 2m, 5cm 2m, 5cm 2m 2m 2m 2m 
cloud cover observed calcutated observed catcutated observed calculated observed calculated 
equations 25 25 18,25 18,25 27 27 28 28 

Table 6. Coefficients for caiculating net radiation 
C2 C3 

night 0.000288 1,408 56 0.310 
day 0.24 0.00342 0.959 58 0.043 
The different coefßcients, which are common to the equations referred to in Table 5 under the 
heading "observed cloud Cover" but are specißc to night-time and daytime periods, are set out 
in Table 6. Values a ahd b correspond to the cloud cover calculated using the method adopted 
in paragraph 3 2. Where the cloud cover is actually observed, the Values a and b are given in 
Table 4. 
4.5.2 Ca%CK&'#(Mt KStng (emtpera&tres a( 2m awa* 5m a6o**e groand fevef 
Most of the ANETZ stations supply ßgures for the temperature at 5em AGL and for global 
radiation G. The temperature is measured above a lawn or other grassy surface. If the total cloud 
cover N is not observed, it must be determined using the "modißed Albisser" method described 
in Annex 2. The following equation is derived from equations 12,17 and 23. 

Q* = (1.024-r)G + e , f j T ^ - r j T ^ + C2N where ĉ  = aT** (25) 
Table 7 shows the extent to which the ßgures match the (cottected) measurements, at night ahd 
by day. The ßgures in bräckets are those obtained using the observed cloud cover. The result is 
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slightly improved by using equation No.18 to calculate the noctumal atmospheric radiation. 
Table 7. Net radiaüon and its components: coefficients of correlation between measurements and calculations 

Components W W, 
day 0.85 (0.83) 0.99 0.99 (0.99) 
night 0.89(0.89) 0.91 (0.92) 0.97 0.61 (0.56) 0.72 (0.69) 
day and night 0.87 (0.86) 0.87 (0.88) 0.98 0.99 (0.99) 0.99 (0.99) 
1) Nocturna* eomponent calculated using equaüon No.18 insteadofNo.17 

Although components W and E can, in general, be fairly accurately calculated by parametriza-
tion, it is clear that the differences between their calculated noctumal values do not correlate at 
all well with the values measured. One reason for this, of course, is that the night-time ßgures 
for net radiation lie within a smaller ränge but are not inßuenced by any particularly dominant 
factor. Moreover, equation No.26 (Stahel, 1993) shows that the poor correlation of the night-time 
values for net radiation Q* is due tö the fact that the differences between the residuals (indices R) 
of W and E (i.e. Q* = ŵ -Ê ) are too often about as Iarge as the values of Q* itself. There is no 
direct theoretical link between the correlation coefficients (measurement, model) rQ*, % and % 
, but tp* is determined solely by the behaviour of the residuals (correlation r and variance o?). 

r2 = (26) 

This equation may be simplified to 0.5 (l + r (Q^, Q̂ )) where the residuals vary in a particular 
field by roughly the same amount as the value of Q* itself. In fact, given the observed cloud 
cover at night r (Q^, Qg) = -0.38 , and ̂ (Q^ j = ̂ (^rnod) * **esulting value for rQ, = 0.36. At 
night, using calculated ßgures for the cloud cover, the variance of the residuals remains the same 
whereas the variance of the calculated totals is reduced (the model gives a smaller distribution) 
which öf itself weakens the correlation. Büt since r (Q̂ ,Q̂ ) = -0.056 , equation No.26 gives 
rQ. = o 63, which is a slightly better result than in the case of observed cloud cover. 

4.5.3 CgfcK&tnow MHHg o/*̂  i%e /empera^re ay 2w a^ow groMwa* fei*gJ 
AH conventional weather stations measure the temperature at 2 m AGL, either three or eight 
times aday. If these are the only ßgures available, equations 12,17 and 20 may be applied and 
Q* may be calculated as follows: 

Q* = ( l - r ) G + ( c , - l ) o T ^ + C 2 N 1 + c (27) 

Factors C], C2 and Cg are to be taken fromTable 6. 
When this is combined with equations 18 and 22, which are more speeiße to the Situation at 
night, the results is as follows: 
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^* _ (l-r)G+ (0.82c^0.94)oT^ + ĉ N + ĉ ĥ , + c^exp[-(N + ̂ ü) ] 
1 + Cr, (28) 

with the following modißed coefficients: 
0.82c] , C2 = 48 , C3 = 0.12, = 0.42 and ĉ  = 41 in the case of observed cloud cover, 
0.84cj, C2 - 63 , C3 = 0.12, ĉ  = 0.13 and Cg = 86 in the case of calculated cloud cover. 

This change in the values of the coefßcients is also due to the fact that the Albisser method used 
for caiculating the cloud cover takes into account the humidity and wind speed. The term (1 -r)G 
in equation No.28 may seem superßuous, but since the cut-off point between day and night is 
set at G=5W/m--, the ßrst and last hours of the night at not automatically disregarded. 
Table 8. Net radiation and its components: coemcients of correlation between measured and calculated values 

Components E 
day 0.98 0.99(0.99) 
night 0.98 0.99 (0.99) 0.69 (0.69) 0.77 (0.78) 
day and night 0.99 0.99 (0.99) 0.99 (0.99) 0.99 (0.99) 
i) Nocturna) eomponent calculated using equation No.22 instead of No.2i. pr 28 instead of No.27 

The degrees of correspondence between calculated and measured values are given in Table 8. 
Those relating to atmospheric radiation have already been given in Table 7. Paradoxically, 
although the correlations are just as good by day, they are better at night (0.69) than when using 
the temperature at 5 cm AGL. There is reason to think that variations in temperature near ground 
level are not all due to factors which inßuence net radiation. 
4.5.4 ComparMOM dM&**#M#<MM ô ca&*H/â d* awa* HMasMTiMf wgf 
Figure 12 shows the characteristics of the distributions of net radiation at night and of the residual 
discrepancies in the eight variants set out in Table 5. The central dark rectangle contains 50% 
of the values. The median, shown by a white mark, gives an indieation of the asymmetry of the 
noctumal net radiation distribution. As we have already seen in Figure 11, these are in fact 
bimodal distributions. The verticai dotted lines show the rahge of values. The length of these 
lines is never more than 1.5 times the length of the central rectangle. The most extreme values 
are shown in isolation. 
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Figure 12. Characteristics bf the distributions of calculated net radiation at night compared with the measured 
values 
left: distributions of the measured values and of the eight variants 
right: distributions of the residual values of the eight variants. 
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The horizontal lines in the left-hand graph show the net radiation class limits taken from the 
TAluft (TL) and Pasquill-Tumer (PT) adaptation tables given in Annex 1. A direct comparison 
between distributions obtained using the 8 variants and the distribution of the measured values 
is given in Annex 4. As a whole, the variants - and in particular the simple model produced by 
Holtslag - reproduce rather poorly the extreme values for net radiaüon measured under clear 
sky eonditions. 
The residual values follow a gaussian distribuüon, with variants 7 and 8 giving the smallest 
Standard deviation (10 W/m?) and variant 1 giving the largest (15 W/m?). Nevertheless, the 
residual values of variants 1, 2,5 and 6 show a seasonal variaüon which is elimihated by ädding 
the exponenüal term (equations 18 and 28) found in variants 3,4,7 and 8. 
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Figure 13. Daily behaviour of the distributions of the differences between the net radiation as measured 

and as calculated using Variants 4 and 8 (see Table 5) 
As with Variants 4 and 8, Figure 13 shows that the model overesümates the daytime net radiation. 
In the case of the values given for the middle of the day, this error is due to the fact that the 
albedo r has been given a constant value of 0.24. If the daily Variation in albedo is introduced, 
as proposed in equation No.10, it corrects this discrepancy: but this does not explain the over-
estimation of the values calculated for the early hours of the day, especially in Variant 4. If the 
day/night cut-off point is set at a value exceeding 5 W/m?, only a partial improvement results. 
Further investigations will be necessary, but we shall not undertake them here. 

4.5.5 Nef radMfioM and %s appHca#0Ms 
In this study, net radiation is essentially used for the purposes of classifying atmospheric stability, 
or more speeiheally for caiculating dispersion categories as defmed in Annex 1: but it is also a 
crucial factor in caiculating the energy budget near ground level as described in equation No.29: 

H + Ĥ  = Q*-H< (29) 

This equation shows that the radiation which contributes to the sensible heät flux H and latent 
heat Hux ̂  is equal to the net radiation less the ground heat flux Hg. As an approximation, Hg 
may be regarded as proportional to Q*, and the resistance method proposed by Mohteith (1990) 
may be used to determine H and Ĥ . Holtslag (1983) has compiled the coefficients needed for 
this calculation. If the sensible heat Hux H is known, the Monin-Obukhov similarity theory 
makes it possible to determine the friction veiocity u* and the Monin-Obukhov length L (stability 
factor) which are related by the equation L = A^- .These parameters are needed for estimating 
the height of the mixing layer. Unfortunately, only ideal cases of noctumal temperature inversion 
can be calculated on this basis (Stull, 1989). 

*3 
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5 SUMMARY AND CONCLUSIONS 
The two parameters required for caiculating the stability or State of turbulence of the atmosphere 
near ground level are net radiation and wind speed. Although wind speed is measured at many 
stations in Switzerland net radiation is measured only rarely. This study shows how net radiation 
may be estimated on the basis of measurements and observations carried out by the ANETZ 
network and may then be used for determining dispersion categories. 
The results of this study are based on two measurement projects undertaken at Payeme, one 
common feature of which is the aim of testing the equipment used for measuring different 
radiation components. Considerable inaccuracies in certain measurements had to be corrected 
at a relatively late stage in the study. Some of the corrections set out in this report relate specif-
ically to instruments used in the COMRAD project, and cannot normally be applied to other 
instruments of the same type. 
A simple parametrizaüon of net radiaüon proposed by Holtslag and Van Ulden (1983) was tested 
separately on daytime and night-üme periods. A few additions made it possible to improve the 
night-time model by eliminating, in particular, systemaüc effects of seasonal variations. There 
is also good reason to take account of a daily Variation in albedo under clear weather eonditions 
throughout the year, although its cause (type of ground surface or instruments used etc.) has not 
yet been established. 
Observed cloud cover is not an ideal meteorological darum for caiculating net radiation. Where 
cloud cover is not actually observed, the night-time Situation may be estimated using the Albisser 
(1983) method and the daytime Situation using the Kasten (Holtslag and Van Ulden, 1983) 
method. Both these methods have been tested. Sunshine duration measurements may be used 
instead. We have proposed modifications which somewhat improve the results. Nevertheless, 
the day-night transition periods are still the most difficult ones to model because of the uncer-
tainties in the alternative parameters available, particularly the difference in temperature be­
tween 2m and 5cm above ground level. As with the Albisser Agures for estimated cloud cover 
at night, the equations set out in Chapter 3 of this study should be "adjusted" to the eonditions 
prevailing at the other ANETZ stations. 
Net radiation is an essential factor in calculaüng the energy budget at ground level. When it is 
known, other important parameters such as heat Huxes, the friction veiocity, the 
Momin-Obukhov length and, finally, the height of the mixing layer can be calculated. 
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Annex 1 
Schemes for identifying the ciasses of atmospheric stabiiity (or dispersion 
categories) on the basis of measurements taken by the ANETZ network 

Adaptation of the PasquiU-Turner and TALuft schemes 
A 1.1 Preliminary remarks 
The combined effect of wind and heat Hux on atmospheric turbulence is taken into account when 
deßning dispersion categories (or stability ciasses). The schemes used for deßning dispersion 
categories use a precise combination of meteorological measurements from which one should, 
in principle, not stray too far. For example, the wind speed has been measured 10 m AGL, or 
the temperature gradient is based on measurements taken over a verticai distance of 100 m. On 
the other hand, the wind speed measurement used for estabiishing the wind distribution under 
the eonditions of a particular predetermined stability class maybe taken at a different height 
above ground level. In any case, dispersion models adapt, or should adapt, the wind speed value 
to the actual height of the smoke plume, or at least to the height of the chimney. 
A 1.2 Original schemes 
The schemes distinguish, in general, 6 or 7 ciasses of atmospheric stability which are designated 
by the letters A to F (or G) and are deßned as follows: 

Class B : unstable 
Class D : - neutral 
Class F : very stable 

For the sake of simplicity, these ciasses may be grouped in pairs A-B, C-D and E-F. 

Class A: 
Class C : 
Class E: 

very unstable 
slightly unstable 
stable 

/t 7.2.7 Pas#HM7-7*KF7*er 
The method devised by Pasquill in the 1960s (Pasquill and Smith, 1983) is still widely used. 
For a long time it was the only method whereby the atmosphere's dispersion characteristics 
couid be deduced from widely available meteorological parameters, since these were the usual 
synoptic data and observations. In particular, Pasquill analyzed the Huctuation in wind speed 
and direetiön at 10 m AGL, and correlated this data with the thermodynamic State of the lower 
atmosphere. 
Table A I . Determination of dispersion categories according to Pasquill 

Wind 
speed 
at 
10 m 
(m/s) 

DAY 
Incident solar radiation 

Strong Moderate Weak 

NIGHT 
Incident solar radi­
ation moderately 
overcast: cloud 
cover between 
4/8 and 7/8 

cloud cover < 3/8 

<2 
2- 3 
3- 5 
5-6 
>6 

A 
AB 
B 
C 
c 

AB 
B 
B-C 
CD 
D 

B 
C 
C 
D 
D 

F 
E 
D 
D 
D 

P 
F 
E 
D 
D 

By day, his dispersion categories (Table AI) are determined on the basis of the wind speed 
measured at 10 m AGL and the intensity of the solar radiation. At night (from 1 h before sunset 
to 1 h after sunrise), he uses wind speed and cloud cover. Radiation ciasses are deAned as follows: 
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- Under clear weather eonditions (cloud cover < 3/8), the incident solar radiation is strong when 
the elevation of the sun is_> 60°; it is moderate when this elevation is between 60° and 35° 
and it is weak when the elevation is between 35° and 15° . 

- When the sky is moderately overcast (cloud cover between 4/8 and 7/8), the same elevations 
of the sun give the lower radiation category. 

- When the sky is completely overcast, the radiation is categorized as Class D, by night and 
day, regardless of wind speed. 

Tumer (1964) introduced a radiation index which took account of the sun's elevation and the 
cloud cover. Moreover, if measurements of the global radiation G are available, the following 
Classification is proposed: 

Strong radiation G ) 600 W/m? 
Moderate radiation 300 < G < 600 W/m? 
Weak radiation G< 300W/m̂  

Ai.2.2 TRAtt/f 

Dispersion categories are also based on synoptic meteorological data. They take into account 
the wind speed at 10 m AGL, the cloud cover, the type of cloud and the time of year. This scheme 
was drawn up on the basis of analyses of the correlation between various meteorological pa­
rameters measured near ground level in Germany in the 1960s and 1970s. Disregarding the 
position of the sun meant introducing a number of eonditions to take account of the time of year, 
and this makes the strueture of the scheme rather complicated. Three sets of dispersion coefß­
cients are available depending on the actual height of the smoke plume (50 m, 100 m, >150 m). 
The scheme and the values of the coefßcients form part of the German TALuft Directives. They 
appear in the document published by the Bundesminister der Justiz BRD (1987) on the 
AUSTAL86 gaussian dispersion model which implements the TALuft Directives to the letter, 
and in a work published by Henselder (1986). 
A i.2.3 Porter 
Given the ßgures for the temperature measured at different heights above ground level and for 
the net radiation at Jülich (Germany), Polster (1969) established the correlations between these 
ßgures and the synoptic parameters proposed by Pasquill. He thus drew up the following scheme 
(Table A2) for classifying dispersion categories in accordance with each of these two parameters. 
Table A2. Determining dispersion categories on the basis of the temperature gradient, net radiation and 

wind speed (after Polster, 1969) 
Wind 
speed 
u (m/s) 

0.0 - 0.9 
'.0-1.9 
2.0 - 2.9 
3.0 - 4.9 
5.0 - 6.9 

>7.0 

Temperature gradient (°C/100m) between 120 and 20 m AGL 
<- 1.5 

very unstable 
- 1.4 ... - 1.2 

medium instability 
-1.1 ...0.9 
slight instability 

0.8... - 0.7 
neutral 

- 0.6... - 0.0 
slight stability 

0.1... 2.0 
medium stablility 

>2.0 
very stable 

Net radiation Q* (cal/cm2min) 
Q*> 0 : resultant incident downward radiaüon Q*< 0 : resultant radiaüon emitted upwards 
>0.60 
strong 

B 

D 

0.60... 0.35 
medium 
A 
B 
B 
B 
C 
D 

0.34... 0.16 
weak 
B 

D 
IT 

0.15 ... 0.09 
very weak 

D 
D 
TT 
15* 

0.08... - 0.01 
neutral 
D* (E) 
D* (D) 

D 
D 
D 
D 

0.02... - 0.04 
medium 
G 
G 

D 
IT 
IT 

f - 0.05 
strong 
G 
G 

D 
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The wind data used by Polster were measured at 20m AGL, but when aliowance is made for 
the effects caused by obstacles this is equivalent to a height of 10m AGL. The net radiation is 
given in cal/cm2 min, and the factor for transformation into W/m? is 698. The temperature 
gradient and the net radiation are not easy to measure. In Switzerland, nuclear power plants 
have tall weather masts which make it possible to measure the temperature gradient. Some SMI 
stations known as "surface layer" stations supply, or will supply, ßgures for this parameter. If 
measurements are taken at elevations below 100m, extreme categories gain in importance since 
the differences are greater close to the ground. The temperature gradient measured on a slope 
can be used, provided precautions are taken with the extent to which the measuring instruments 
are exposed. Measurements obtained under these eonditions tend to underestimate extreme 
ciasses. Measuring net radiation is difßcult and requires careful control. Tö simplify application 
of the Polster scheme, Class D*, (which was not defined by Polster in relation to the dispersion 
coefficients) has been renamed E or D as indicated in Table A2. Finally, categories P (exceptional 
in the Polster scheme) and Ghave been put together in a Single class F, since the German TALuft 
Directives (Henselder, 1986) provide dispersion coefficients for six ciasses only .Finally, cate­
gories F (exceptional in the Polster scheme) and G have been put together in a Single class F, 
since the German TALuft Directives (Henselder, 1986) provide dispersion coefficients for six 
ciasses only. 

A 1.3 Schemes adapted by the SMI 
The Polster scheme requires parameters which are not measured by weather Station networks 
such as the ANETZ network operated by the SMI. The conventional schemes üse figures for 
the cloud cover, which is observed with sufßcient frequency (every three hours, day and night) 
at only a few of the main stations known äs" synoptic" stations. Other stations observe the cloud 
cover only three times a day - at 7.00, 13.00 and 19 00 hours - which is insufßciently frequent 
for the temporal (and thus spatial) Interpolation of figures. It has therefore proved necessary to 
establish a scheme for determining atmospheric dispersion categories usihg the hourly data 
provided by the ANETZ network. We are aiming to ßnd the best possible Statistical correspond­
ence with the TALuft scheme or the Pasquill-Tumer scheme so as to And an acceptable way of 
making widespread use of the dispersion coefßcients which are closely linked to these schemes. 
Initially, in order to meet demand as quickly as possible, the idea was to And a simple way of 
parametrizing net radiation by day and at night so that the Polster scheme couid be applied. In 
the Arst instance, analysis of the hourly Agures for global radiation G shows that it is suf Acient 
for the purposes of estabiishing the day/night cut-off point, i.e.: 

day:G>3W/m? night: Ĝ 5W/m̂  
Daytime net radiation: 
Hourly measurements were taken over a three year period (November 1987 to October 1990). 
When these ßgures äre used without the correction proposed in paragraph 2.1.1, the correlation 
between net radiation Q* as measured by the COMRAD project and global radiation G as 
measured by the ANETZ Station yields the regression which was initially adopted: 

Q* = - 13.06 +0.60 G 
where the residual error of 50 W/m? is still Considerable. This error is partly due to the time gap 
between the two measurements Q* and G. If account is taken of the correction made to the net 
radiation measurement, and if this measurement is correlated with the synchronized measure­
ment G (COMRAD), the result is 

Q* = - 17.6 + 0.61 G + 0.0001 G? 
with a residual error of 30 W/mA 
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Noctumal net radiation: 
There is a clear Statistical trend in the relationship between net radiation and the temperature 
difference between 2m and 5cm AGL (At). Over the three years during which measurements 
were taken, this trend may be described by the following linear equation: 

Q* = -10.79 - 10.36 At 
The residual error of 16 W/m? is nevertheless fairly Iarge. Since the COMRAD project did not 
inciude the temperature measured at 5cm AGL, temperature measurements taken by the ANETZ 
Station were used, and this implies a time lag between the measurements. 
The next step was to compare, over a twelve month period (December 1988 - November 1989), 
the atmospheric stability calculated by the original Pasquill-Tumer and TALuft schemes with 
the stability figures provided by the Polster scheme and the equations set out above, and then 
to define such modifications as might be necessary to the ciasses of net radiaüon Q*, of temper­
ature difference and of wind speed u measured at 10m AGL, so that the frequency of each 
stability class was as close as possible to that of the original schemes. This exercise showed that 
the differences between the two schemes (Pasquill ahd TALuft) were too great to allow these 
schemes to be replaeed by a Single alternative scheme. Furthermore, it is important to ensure 
that the dispersion coefficients adopted as the basis for these schemes continue to be used in a 
homogeneoüs fashion. Pasquill-Tumer reflects atmospheric dispersion experiments carried out 
on the vast plains of America, whereas TALuft is the result of experiments made in Germany 
at Jülich and Karlsruhe under very different eonditions. The analysis thus yielded the following 
two adaptations. 
A 7.3.7 A^p&Mion o/̂ Ae Pgs#H#f-7TMrMersc%Mme 
The scheme given in Table A3 originates in the scheme drawn up by Polster (Table A2) üsing 
net radiation and wind speed. The changes made to the ciasses of net radiation Q*, the new 
designatioh öf some cells in the Table (< >) and the changes to the way in Which class limits 
are set for the temperature difference between 2m and 5cm AGL are the result of the correlation 
carried out between these categories and those established under the Pasquill-Tumer scheme 
(Pasquill and Smith, 1983) on the basis of cloud cover. För each stability class, the following 
(unmodified) frequencies of correspondence have been established between the Pasquill-Tumer 
calculaüon and that given in Table A2 (D* modified), with the net radiation equations given in 
paragraph AI.3: 
Stability class A B C D E F 

83 65 28 47 36 91 % 
This result shows that 91% of the cases assigned to Class F under the Pasquill-Tumer scheme 
are also designated as such by the Substitute scheme, büt that only 28% of the cases assigned to 
Class C are similarly designated under the Substitute scheme. The "Polster" wind speed ciasses 
haVe had to be modified. It should be noted that at Jülich, to allow for the effect of obstacles, 
the wind speed was measured at 20m AGL and these figures have been corrected only approx­
imately to bring them into line with those measured af 10m AGL. Given the configuration of 
Table A3, the correspondence frequencies for the different stability ciasses are: 
Stability class A B C D E F 

76 76 53 65 55 77 % 
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Table A3. Determining the dispersion categories: Substitute scheme adapted from Pasquill-Turner 
Q: (W/n?) 
AT: (K) 

>460 460 - 240 240-110 110-5 5- -15 
< 1.0 

-15 - -40 
1.0-2.2 

^-40 
>2.2 

u: 0.0 0.7 <B> B <F> <F> <F> 
0.8 1.4 B B <D> <F> <F> 
1.5 2.9 B D D 
3.0 4.4 B <C> D D <E> 
4.5 5.9 D D D D <D> 
> 6.0 (m/s) D D D D D D D 

< > different from what appears in me original Polster scheme (1969) 

A 7.3.2 Adap%gfM?H c/f%e TULq/fscAeme 
The adaptation procedure is simiiar to that applied to the Pasquill-Tumer scheme. Given their 
origins, the Polster and TALuft schemes resemble each other much more closely than they do 
the Pasquill-Tumer scheme. For each stability class, the following (initial) frequencies of cor­
respondence have been established between the TALuft calculation and that given in Table A2 
(D* modified), with the net radiation equations given in paragraph AI.3: 
Stability class A B C D E F 

53 57 26 54 24 92 % 
No alteration to the wind speed ciasses was necessary to improve the correspondence, and only 
a smail adjustment was made to the net radiation ciasses. The class limits for the temperature 
difference between 2m and 5cm are lower than in the Pasquill scheme. It was, however, necessary 
to rename some of the cells in the Table (< >). Given the new configuration (Table A4), the 
correspondence frequencies for the different stability ciasses are: 
Stability class A B C D E F 

70 59 59 62 56 86 % 

If Ciasses A and B, C and D, E and F are taken together, the resulting correspondence frequencies 
are 84,76 and 86%. 

Table A4. Determining the dispersion categories: Substitute scheme adapted from TALuft 
Q: (W/n?) 
AT: (K) 

>390 390 - 240 240 - 80 80-5 5 - -7 
<0.6 

-7 - -28 
0.6-1.5 

u: 0.0 0.9 B <E> <F> 
1.0 1.9 B B <E> <E> 
2.0 2.9 B <C> D <D> 
3.0 4.9 <A> B <C> D D 
5.0 6.9 <B> D D D D 
> 7.0 (m/s) D D D D D D 

< > different from what appears in the original Polster scheme (1969) 
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Annex 2 
Algorithms for estimating total cloud cover 

Symbols RR = precipitation, h^ = relative humidity, u = wind speed in m/s G = global radiation at 2 m AGL, S = sunshine duration At = temperature difference between 2 m and 5 cm AGL N = total cloud amount expressed in eighths ({) = elevation of the sun 
n i g h t : G < 5 W/m? and sin(j) < 0.05, "Albisser" method 
if RR = 0 and At < 0 and h^] >94.5 and U < 1.2 
then N = 9 
if RR > 0 or (At < 0 and h ^ < 94.5) or (At < 0 and h^ < 94.5 andu > 1.2) or (At > 0 and At < 0.7) 
then N = 8 
if RR = 0andAt>0.7andAt<1.2 
then N = 7 
if RR = 0andAt>1.2andAt<1.5 
then N = 6 
if RR = 0andAt>1.5andAt<1.6 
then N = 5 
if RR = 0andAt>1.6andAt<1.7 
then N = 4 
if RR = 0andAt>I.7andAt<2.0 
then N = 3 
if RR = 0andAt>2.0andAt<2.2 
then N = 2 
if RR = 0 and At > 2.2 and At < 2.3 
then N = 1 
if RR = 0 and At > 2.3 
then N = 0 
n i g h t : G < 5 W/m? and sin(]) <; 0.05, "modißed Albisser" method 
To bring the Agures more closely into line with the distribution of the categories of observed cloud cover N = 1 to 
8, the following At ciasses were adopted: 
if RR = 0andAt<0andh^[>94.5andU<1.2 
then N = 9 
if RR > 0 or (At < 0 and h^[ < 94.5) or (At < 0 and h^[ < 94.5 and u > 1.2) or (At > 0 and At g 0.8) 
then N = 8 
if RR = 0andAt>0.8andAt<1.3 
then N = 7 
if RR = 0andAt>1.3andAt<1.7 
then N = 6 
if RR = 0andAt>1.7andAt<2.1 
then N = 5 
if RR = 0 and At > 2.1 and At < 2.4 
then N = 4 
if RR = 0andAt>2.4andAt<2.6 
then N = 3 
if RR = 0 and At > 2.6 and At < 2.9 
then N = 2 
if RR = 0 and At > 2.9 and At < 3.2 
then N = 1 
if RR = 0 and At > 3.2 
then N = 0 
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dav : G > 5 W/m?, sunshine duration' method 
if RR = 0 and At < 0 and h^] > 94.5 and U < 1.2 
then N = 9 
if (RR > 0 and S = 0) or S = 0 
then N = 8 
if (RR > 0 and S > 0 
then N = 7 
if (RR = 0 and S > 0 
then N = l-S 
Option: Take the average sunshine duration Sgure 

S = S (averaged over 3 consecutive hours) 
Option: Introduce the observed cloud cover data and extrapolate to + 1 hour 

N(6h±l, 12h+l, 18h±l) = observed cloud cover at 6,12 and 18 hours 

day : G > 5 W/m?, "ratio of measured giobai radiation to giobai radiation under ciear sky 
eonditions" method 
if RR = 0 and At ̂  0 and h^ 94.5 andu < 1 2 
then N = 9 
if (RR>0andS = 0)orS = 0 
then N = 8 
i (RR > 0 and S > 0 
then N = 7 
if (RR = 0 and S > 0 
then N = !l-G/G„t ifN> 1.125 thenN = l/N 
option: Take the average ratio of measured global radiation to global radiation under clear sky eonditions 

G/Go = G/Go (ratio averaged over 3 consecutive hours) 
option: Introduce the observed cloud cover data and extrapolate to + 1 hour 

N(6h±l, 12h±l, 18h±l) = cloud cover observed at 6,12 and 18 hours and extrapolated to the preceding 
and following hours 
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Annex 3 
Caiculating the sun's eievation (Hoitsiag and Van Uiden, 1983) 

The number d of the day of the year is determined on the basis of the number M of the month and 
of the number D of the day of the month, using the following equation: 

d = 30(M-l) + D 
If d is known, the iongitude of the sun LS (rad.) and its inciinaüon 8 are caiculated using the 
foiiowing equations: 

LS = 4.871 + 0.0175d + 0.033 sin(0.0175d) 
8 = arcsin(0.398 sin(LS)) 

Thus the angie of rotation of the earth h which wouid bring the meridian from a given iongitude 
west A, to universal time t (expressed in hours) is calcuiated according to the foiiowing equation: 

h = - X + 0.043 sin(2LS) - 0.033 sin(0.0175d) + 0.262t - n 
Finaiiy, for a given latitude \y (rad.), the sun's elevation ()) can be calculated, to within 0.05 rad., 
using the following equation: 

sind) = sin8 sini(f + cos8 cosi)f cos(h) 
Note that the time lag between universal time t and the local time tl (winter time) at which global 
radiation is measured can be expressed by the equation t = (tl - 0.5) -1. In the case of ANETZ 
data, the correction is t = t + 0.17, because of the way in which the data gathering is organized. 

Estimating giobai radiation under ciear sky eonditions 
The coefficients of the following polynomial have been calculated on the basis of the calculated 
elevation of the sun sin()) and of the global radiation measured at the Payeme ANETZ Station under 
clear sky eonditions. The residual error is less than 5 W/m?. The fourth order polynomial is justißed 
on the basis of the different way in which the measurements behave when the sun is low. The 
cut-off point for this change is approximately sind) = 0.15. Subsequently, the figures will be cal­
culated using the following adjustment: an intereeption factor of 10 instead of 13 so as to correct, 
to some extent, the discrepancies which occur at low values of sind). 

Go = 13 + 371 sin!]) + 2226 (sind;)? - 2672 (sind))̂  +1117 (sind))* 
This equation replaces the two linear equations: 

Go = 569 sind) + 13 where sin(j) < 0.15 
Go = 1118 sind) - 69 where sind* > 0.15 
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Annex 4 
o CM 

o 9< 

o to 

o o 

Vanant 1 

-100 -80 -60 -40 -20 
measured 

20 

o 

O 

O 

o o 

Vanant 2 

-100 -80 -60 -40 -20 
measured 

20 

Vanant 3 

-100 -80 -60 -40 -20 
measured 

20 

o 

o 

O 

O O 

Vanant 4 

-100 -80 -60 -40 -20 0 20 
measured 

Vanant 5 

-100 -80 20 -60 -40 -20 
measured 

o 

o 

O 

O 
o 

Vanant 6 

-100 -80 -60 -40 -20 
measured 

20 

Vanant 7 
o 

o 

o 
<0 

o o 

Variant 8 

-100 -80 -60 -40 -20 measured 20 -100 -80 -60 -40 -20 measured 20 

Distributions of noctumal net radiation, expressed in W/m , calculated using variants 1 to 
8 (see paragraph 4.5.1, Table 5) compared with the distribution obtained by measurement. 
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Annex 5 
List of stations belonging to the ANETZ network 

No NAME 
ANETZ. Initials C o o r d i n a t e s 

geographica) kilometric 
Altituda Visualobs (UTC) TT TT Evap-
m/asl 00 0306 0912 15 18 21 groundscm oration 

t 
2 
3 
4 
5 
6 
7 
8 
V '" 
tt 

)3 
i4 

17 
ts 

27 
28 

3 t 

5t 
52 
53 

La Düte 

Vaduz 
Aig)e 

Zenuatt 
t2 Chassera) 

Pilatus 
Attdotf 

)5 Utrichcn 
t6 Mona 

)9 Chur-Ems 
20 Napf 
2 t Sinn 

23 Neuchatet 
24 Stäbio 
25 tntertatttn 
26 Disenüs 

29 St-Gatten 
3t) Gtams 

32 Zürich-Ktoten 
33 Gütsch 
34 Pu])y 
35 Grand-St4Beman) 
36 Adetboden 
37 Visp 

39 Rtinenberg 
40 Buchs Suhr 

42 Engctberg 
43 Schafthäusett 
44 ZBhch-SMA 

47 Ctttvatsch 

49 Rnbbia 

50 Scuot 

LaFrßtaz 

54 Gattingeh 

56 WSdemwM 
57 Haikon 
5tt Rcckenho)z 

6t MaMeberg 
62 Gimeua 
63 Evolene-Vitta 
64 Leibstadt 
65 Fey 

Aü Liigem 
69 Homii 
70 Ptaffeien 
71 Robiei 
72 PStWQreniingen 

DOL 
PAY 
JUN 
WYN 
SAE 
VAD 
A1G 
MLS 
FAH 
MVE 
ZER 
CHA 
PtL 
ALT 
ULR 
PtO 
LUG 
SAM 
GHÜ 
NAP 
StO 
MAG 
NEU 
SBO 
tNT 
D)S 
H1R 
BAV 
STG 
GLA 
GVE 
KLO 
GUE 
PUY 
GSB 
ABO 
VtS 
CDF 
RUE 
BUS 
LUZ 
ENG 
SHA 
SMA 
SBE 
WFJ 
GOV 
BAS 
ROB 
SCU 
GGt 
FRE 
BER 
GUT 
GOE 
WAE 
TAE 
REH 
OTL 
BEZ 
MUB 
CtM 
EVO 
LEt 
FEY 
GRH 
COM 
LAE 
HOE 
PLF 
ROE 
PSt 

4626/0606 
4649/06 57 
46 33 / 07 59 
47 t3/07 47 
47 )5 / 09 2) 
47 08 / 09 3) 
46 20/0655 
46 33/07 0t 
47 26/06 57 
46 19 / 07 29 
46 02 07 45 
47 OS/07 04 
4659/0! t5 
4632/08 38 
46 30/0! t9 
463t/084) 
46W)/08 38 
4632/0953 
46 52/09 32 
4700/07 56 
4613 / 07 20 
46)0/0853 
4700/06 57 
43 51/08 56 
4640/07 3! 
46 42/OS 5 t 
463t/09 tt 
4649/095) 
47 26 / 09 24 
47 02/09 04 
46)3/06 08 
47 29 / 0! 32 
46 39/0! 37 
46 3)/06 40 
43 52 / 07 )0 
46 30 / 07 34 
46)8/07 5t 
4705/t)648 
4726/07 53 
47 23 / 08 05 
4702/0! )! 
46 49/ 0! 25 
474)708 37 
47 23 / 08 34 
46 28/1)91) 
46 30/09 49 
4623/0949 
47 33 / 07 35 
46 2) / [004 
46 48/10 17 
46 24 / 0614 
46 30/06 33 
46 56 / 07 25 
47 36 / 09 1 7 
47 22 / 07 59 
47 [3/084) 
47 29 / 08 34 
47 26 / 08 3) 
46)0/08 47 
4734/ 0! ) 4 
4639/07 )7 
46 )2 / 08 48 
46 07 / 07 3) 
47 36/0! t) 
46 tt /tt7 )6 
46 34 / 08 20 
46 28 / 08 56 
47 29/ OS 24 
47 22 / 08 57 
4643/07 )6 
46 27/OS 3) 
4732/0! )4 

497050/t423SO 
562 )30/)S4S35 
64t 930/)55 275 
626 400/233 860 
744 [00/ 234900 
737 700/22)700 
560 )20/)30 630 
567 740/ )55173 
362 460/252 650 
603 600/ [29160 
624 350/097 550 
57t 290/.22032O 
66) 9)0/2034)0 
690960/)9t 700 
666 740/ )S0760 
694 930/)32 500 
7)7 SSO/095 870 
787 ) 30/)S6040 
759 460/ [93170 
638 [38/206 073 
592 200/))8 625 
7)) [60/ U3S40 
563 ) 50 / 205600 
7) 6 040/077 970 
633 070/)69)2O 
70! 230 / )73 780 
733 9007 [53 980 
783 580/[87 480 
747 940/ 254 600 
723 750/2)0580 
498 380/)22 320 
682 2S0/259 220 
690 )40/ )67 590 
340 820/t3t 500 
579 200/079720 
609 400/14! 973 
63) [30/128020 
55 ) 290 / 2)3 [30 
633 250 / 233 !40 
648 400 / 24! 3!0 
665 520/209 860 
674 [S0/ ]!6<)60 
688 700/282 80!) 
683 )25/24809t) 
734 ) 20/147 270 
780 600/189630 
783 [60/143 325 
6) 0 850/265 620 
80) 830/ [36 180 
8) 7 [30/ )86 400 
307 2S0/ )39 )70 
534 230/18! 0!0 
39! 6)0/ [97 470 
73! 43t)/273 950 
64t 260 / 246 )3H 
693 770/230 780 
7) 0 500 / 259 S20 
68t 400/253 550 
704 [60/ [ [4330 
6S9 500 / 267 400 
587 850 / 202430 
704 370/))7 3)3 
603 4)3 /)06 740 
6S6 350 / 272HX) 
586 725/ U51S0 
668 460/[S8160 
7)4 99!/[46440 
672 250 / 259460 
7)3 300 / 247 730 
586 830/ )774O0 
6S2 600/[44075 
659 540 / 263 600 

t670 
490 
3580 
422 
2490 
460 
38) 
[972 
596 
1508 
[638 
1399 
2t06 
449 
[345 
1007 
273 
1703 
355 
1406 
482 
[97 
485 
353 
580 
U90 
[6[[ 
[590 
779 
SU 
420 
436 
2287 
46t 
2472 
[320 
640 
[<)[! 
6)0 
3!7 
456 
[035 
437 
556 
[639 
2690 
33)5 
3 [6 uns 
[300 
430 
[202 
565 
440 
3!0 
463 
536 
443 
366 
327 
4!3 
[672 
1825 
34 i 
737 
[980 
575 
868 
[[44 
[042 
[898 
334 

X X 
X X X 

X 
X X X 
- X X 
X X X 
X X 

X X 
X 

X X X X X X X X 
X X X X X 
X X X 

X X X 
X X X X X X X X 

X X X X X X X X 
X X X 
x x x x x 

X X X X X X X X 
X X X X 
X X X X 

X X 

X X 
X X 
X X 

X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 

X 
X 
X 
X 
X 
X 
X 
7 X 
X 
X 
X 

X 
X 

X X X 

X X X X X 

X X X 

X X X 

X X X 

Type Station 
SH/GB 
SH/AG/FR/RA 
SH/GB 
SN 
SH/GB/RF 
SH/AO 
SN/AG 
GB 
SN/GB/AG 
SN/GB 
KB/GB 
GB 
KB/GB 
SN/GB/RF 
GB 
SN/GB 
SN/GB/RF 
SN/GB/AORF 
SN/GB/AG 
KS 
SWGB/AG/RF 
SH/AG 
SN/GB/RF 
KS/AG 
SN/GB 
SN/GB 
GB 
KB/GB/AG/RF 
SN/GB/AG 
KB/GB 
SH/GB/RF/FR 
SH 
SH/GB 
KB/GB/AG 
KB/GB/RF 
KB/AG/RF 
KB/AG 
SN/GB/AG/RF 
KB/AG 
KB/GB/AG/RF 
KB/GB 
KB/GB 
KB/GB 
SH/GB/AG/RF 
SN/GB 
KB/GB 
SN 
KB/GB/AG/RF 
SN/AG/ 
KB/GB/AG 
KS/AG/FR 
KS/AG 
KB/GB/AG 
KB/GB/AG/RF 
KKW 
KS/GB/AG/FR 
KB/AG 
KS/AG 
SH/GB/AG 
KKW 
KKW 
KS 
GB 
KKW 
GB 
KB/RF 
KB/AG/RF 
GB 
KS 
GB 
GB 
KKW 

Key: 
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30 Bargen r j * . Map of automatic weather stations r Sehaffhauser 
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