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ABSTRACT

The specific objectives of IEA-SHCP Subtask 17F were to measure, evaluate and analyze infrared
(longwave atmospheric) radiation data in order to increase the available amount of such data required for

design and analysis of solar systems and buildings.

The present technical report documents the data analysis performed in the Subtask. It gives a review of
models for the estimation of longwave atmospheric radiation from available meteorological data, ranging
from simple models using easily available surface data as input, to sophisticated models for the estimation
of spectral longwave radiation from detailed temperature/humidity profiles. The simple models for broad-
band and spectral longwave radiation on horizontal surfaces are tested against measured data and against
a sophisticated spectral model. By both methods, the same models were identified as best performing.

Recommendations on the applicability of the simple models are given.
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EXECUTIVE SUMMARY

The objective of IEA SHCP Task 17 was to improve the quantity and quality of spectral radiation data,
both broad-band and narrow-band, needed for design and analysis of solar systemé. and buildings. While
Subtasks 17A, C, and E were engaged in radiometry and solar radiation data acquisition, analysis and
modelling, the specific objectives of Subtask F were to measure, evaluate and analyze infrared (longwave
atmospheric) radiation data (3 - 100xm) in order to increase the available amount of such data. These data
are important for, e.g., solar collector performances, freezing problems in liquid collectors, the heat
transfer between buildings and the sky, and passive cooling systems. Experts from Canada, France,

Germany, Norway, Sweden, and USA participated in Subtask 17F.

There were two primary components to Subtask 17F. The first involved the compilation of a data base of
more than 90 site years of longwave atmospheric radiation and related meteorological data from 17
European and North-American stations (Technical Document No.IEA-SHCP-17F-1 "Description of the
Atmospheric Radiation Data Base", G. Czeplak, DWD, Hamburg, Germany). The second involved the

review and testing of models for estimating longwave atmospheric radiation data.

As measured data are scarce, longwave atmospheric radiation data often have to be estimated from availa-
ble meteorological data, and a large number of such models are found in the literature. In order to guide

the users of such models, Subtask F performed the model evaluation described in this report:

- A review of models for estimating longwave atmospheric radiation from easily available
meteorological data,
- A test of simple models (both against measured data and against a more sophisticated spectral

model) to find out which models perform best.

A review of more than 30 models for the estimation of longwave atmospheric radiation from available
meteorological data, both under cloudless and cloudy skies, is given in this report. The models vary from
simple models for the estimation of longwave atmospheric radiation from easily available surface data to
sophisticated models for the estimation of spectral longwave radiation from detailed temperature/humidity
profiles. Only simple models (using easily available surface data) for broad-band and spectral longwave
radiation on horizontal surfaces were tested and reported here. These models express the atmospheric
radiation as a function of easily obtainable meteorological parameters, and are therefore called
parameterizations in the meteorological literature. Such parameterizations are most often derived from

observations taken in climates covering a limited range of temperature, humidity, etc. A profile-based
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model like MODTRAN may, however, be used to evaluate formulae, or as a guide for designing formulae
which may be used outside the climatic range they were developed for, with minimum probability of
significant error. The MODTRAN model is a moderate resolution (2 cm™) version of LOWTRAN7 (low
resolution transmission model, version 7). It calculates spectral radiances from vertical profiles (up to 100

km) of temperature and atmospheric composition.

MODTRAN predictions nicely fit the average of 38 profile-based models, and the degree of consistency
between such models is high. Indirect evidence, based on data from 15 European and North American sta-
tions, indicate that average observed irradiances and MODTRAN predictions agree within approximately

5 Wm” under cloudless sky, with a slight tendency of observations exceeding MODTRAN predictions.

Twenty-three simple formulae for estimating cloudless broad-band longwave atmospheric irradiance on
horizontal surfaces were tested against data from the 15 stations, and against MODTRAN predictions.
These tests strongly suggest that four of the 23 simple formulae are particularly suitable in the case of
"normally" stratified boundary layers: Over a wide range of temperatures, the Swinbank (1963) and
Czeplak & Kasten (1987) formulae, which express the emittance ¢, as a quadratic function of dry bulb
temperature, effectively reflect the radiation physics of cloudless and not too dry atmospheres. Over a wide
range of both temperature and humidity, the Berdahl & Fromberg (1982) and Frank & Piintener (1986)
formulae, which express the emittance ¢, as a linear function of dew point temperature, are even more
appropriate than the Swinbank and Czeplak & Kasten formulae. For "abnormally" stratified atmospheres,
a correction to empirical surface-based formulae is proposed. This correction is derived from MODTRAN
and requires summary information on the boundary layer temperature stratification. Alternatively, a table

of empirical correction factors is given, based on hour, season, and geographical location.

Clouds increase the atmospheric emittance ¢ beyond its cloudless value €,, but at most, slightly beyond
unity. Eight of the 23 cloudless models above were supplied with a cloud modification algorithm, and tests
of these algorithms suggest that the emittance increase is most adequately phrased as (e - €)/(1 - &), i.e.,
as the fractional reduction of the longwave radiation loss from a horizontal surface at ambient temperature
(Martin & Berdahl 1984). This fraction is governed by fractional cloud cover, cloud emittance, and the
surface minus cloud base temperature difference. Given these parameters, MODTRAN runs indicate that

temperature, humidity and cloud base height are irrelevant.

In addition, two simple spectral models were tested against spectral irradiances derived from observed

spectral zenith radiances in the Negev desert, Israel. It is shown that the observed data conform well with

the model of Berger (1988) and with MODTRAN.
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1.1 BRIEF DESCRIPTION OF IEA-SHCP TASK 17:
MEASURING AND MODELLING SPECTRAL RADIATION
AFFECTING SOLAR SYSTEMS AND BUILDINGS

The objective of IEA-SHCP Task 17 was to improve the quantity and quality of spectral radiation data,
both broad-band and narrow-band, needed for design and analysis of solar systems and buildings. The
objective was accomplished by co-ordinated international co-operation contributing the knowledge and
experience of the national experts and making use of existing national facilities and information sources.

The Task focused on three types of spectral radiation data:

@ Narrow-band spectral radiation data for applications to solar and building materials

® Broad-band spectral radiation data in the visible range (that is, visible light) for
applications to natural illumination in buildings, and

® Broad-band spectral radiation data in the infrared range (that is, longwave radiation)

for applications to the energy balance of solar systems and buildings

Overall co-ordination of the Task was with the Operating Agent, dr Fritz Kasten (Germany). Research and
development activities were carried out in the framework of the following 4 Subtasks, each coordinated

by a lead country; in parenthesis:

@ Subtask A: Narrow-band Spectral and Broad-band Infrared Radiometry (Germany)

@ Subtask C: Narrow-band Spectral Radiation Data Acquisition, Analysis and Modelling (Germany)
® Subtask E: Broad-band Visible Radiation Data Acquisition and Analysis (USA)

@ Subtask F: Broad-band Infrared Radiation Data Acquisition and Analysis (Norway)

Subtask A engaged in the comparison, characterization, and standardized calibration of narrow-band
spectral and broad-band infrared radiometers in order to improve the quality of spectral radiation data
measurements. The other three Subtasks focused on specific measurements, evaluations, and analyses of

spectral radiation in different wavelength ranges in order to increase the available amount of such data.
1.2 OBJECTIVES OF IEA-SHCP SUBTASK 17F
Within the solar energy community, data of longwave atmospheric radiation are important for, e.g., solar

collector performances, freezing problems in liquid collectors, the heat transfer between buildings and the

sky, and passive cooling systems. As measured data are scarce, longwave atmospheric radiation data often
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have to be estimated from available meteorological data, and a large number of such models are found in
the literature. The specific objectives of Subtask F were to measure, evaluate and analyze broad-band
infrared radiation data in order to increase the available amount of such data required for design and

analysis of solar systems and buildings. Thus, the work in Subtask F can be outlined as:

- measurement, evaluation and compilation of longwave atmospheric radiation data and related data from
various stations in the participating countries,

- undertaking a review of simple models for estimating longwave atmospheric radiation from easily
available meteorological data,

- testing the simple models (both against measured data and against a more sophisticated spectral model),

- giving recommendations to the solar energy community on the suitability of the simple models.
1.3 THE STRUCTURE OF THE REPORT

In Chapter 2 of this report, a review of models for the estimation of longwave atmospheric radiation from
available meteorological data, both under cloudless and cloudy skies, is given. The models vary from
simple models for the estimation of longwave atmospheric radiation from easily available surface data (e.g.
air temperature, water vapor pressure, dewpoint temperature, relative humidity) to sophisticated models
for the estimation of spectral longwave radiation from detailed temperature/humidity profiles. Only simple
models (using easily available surface data) for both broad-band and spectral longwave radiation on

horizontal surfaces are tested in this report.

In Chapters 3 and 4, the models for longwave atmospheric radiation on horizontal surfaces are tested
against a data base of measured data from 15 European and North-American stations, and against output
from a sophisticated profile-based spectral model, MODTRAN, respectively. The data base of 15 stations,
representing different climates, is described in the Technical Document No.IEA-SHCP-17F-1 "Description
of the Atmospheric Radiation Data Base", by G. Czeplak. The input data for the spectral model,
MODTRAN, are profiles from 6 standard atmospheres, ranging from the hot/humid Tropical atmosphere
to the cold/dry Sub-Arctic Winter atmosphere, from several modifications of these atmospheres, and even
from several observed profiles, thus representing a wide variety of climates. Some of the simple models
consist of a clear sky model, in combination with modifications for cloudy conditions. These clear sky
models may of course be used independently on their own, and are therefore also tested in Chapters 3 and
4. Besides, each cloud modification, in combination with its companion clear sky model, can be used to
estimate the irradiance under cloud covers ranging from almost clear (1/8 cloud amount) to completely

overcast (8/8 cloud amount). In Chapter 3 the cloud modifications are tested against data for this entire
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range of cloud amounts. As MODTRAN only estimates irradiances under overcast sky, the cloud modifi-

cations are tested against MODTRAN only under such conditions (Chapter 4).

The review of models (Chapter 2) also contains simple models for the estimation of spectral longwave
radiation. In Chapter 5 these models are tested against data from Israel, while these data in turn are

compared to spectral output from MODTRAN.

In each of the Chapters 3, 4, and 5 conclusions are drawn. In the Executive Summary, the results are
summarized, and recommendations are given on which simple models should be used to estimate longwave

atmospheric radiation.
1.4 PARTICIPATING INSTITUTIONS/EXPERTS AND THEIR SPONSORS

Of the eight institutions participating in Subtask F, four were involved in both data acquisition and data
analysis work, while the remaining four were only involved in the data acquisition part. The institutions,

their supporting agencies and the participating experts are listed below:

AES : Atmospheric Environment Service, Downsview, Ontario, Canada, with Bruce
McArthur as expert has provided the Subtask with data from Canada. The partici-
pation of AES was supported by Environment Canada.

DNMI ! Det norske meteorologiske institutt, Bergen/Oslo, Norway, with Jan Asle
Olseth and Bjorn Aune as experts has taken part in both data acquisition and
analysis work. The participation of DNMI was supported under grant no. EK
28217 by the Norwegian Council of Scientific and Industrial Research.

DWD : Deutscher Wetterdienst, Meteorologisches Observatorium Hamburg, Germany,
with Gerhard Czeplak as expert has taken part in both data acquisition and
analysis work. DWD was responsible for the archiving of longwave radiation and
related data. The participation of DWD was supported by the German Federal
Ministry for Research and Technology (BMFT) through Forschungzentrum Jilich,
Projekttriger Biologie, Energie, Okologie (FZ Jilich PBO) under grant no.
0328543C.
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ISE

METEO

SMHI

SUNYA
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Geofysisk institutt, Universitetet i Bergen, Norway with Arvid Skartveit as
expert has taken part in both data acquisition and analysis work. The participation
of GIB was supported under grant no. EK 28217 by the Norwegian Council of

Scientific and Industrial Research.

Fraunhofer-Institut fiir Solare Energiesysteme, Freiburg, Germany, with
Matthias Rommel as expert has taken part in the data analysis work, and has
besides provided the Subtask with spectral data from Israel. The participation of
ISE was supported by the German Federal Ministry for Research and Technology
(BMFT) under contract no. 0329294A.

METEO France, Centre radiométrique, Carpentras, France, with Jean Oliviéri

as expert has provided the Subtask with data from Carpentras.

Sveriges meteorologiska og hydrologiska institut, Norrkoping, Sweden, with
Lars Dahlgren as expert has provided the Subtask with data from Sweden. The
participation of SMHI was supported by the Swedish Council for Building

Research under contract no. 910661-8.

State University of New York, Albany, N.Y., USA, with Richard Perez as
expert has provided the Subtask with data from Albany. The participation of
SUNYA was supported by the US Department of Energy via the National
Renewable Energy Laboratory (NREL) under contract no. AE-2-12202-1.
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2.1 INTRODUCTION

Within the solar energy community there is a need for data of longwave atmospheric radiation. As
measured data are scarce, the data often have to be estimated from available meteorological data. A
large number of models for the estimation of longwave atmospheric radiation are found in the
literature, and in the present Chapter a list of such models is presented. The input data requirements
range from surface temperature and some cloud cover information for the most "user-friendly” models
to data derived from radiosondes or from satellites for other models. The output data range in
complexity from irradiance on a horizontal surface over the entire longwave spectrum to output data
with spectral and/or angular resolution. In the present report only simple models for broad-band and

spectral longwave radiation on horizontal surfaces are tested.

2.2 MODELS FOR ATMOSPHERIC IRRADIANCE
BASED ON GROUND DATA

2.2.1 Horizontal surfaces

On such models there exist useful review articles with comparisons of some of the models, for
instance Idso (1974), Exell (1978), Arnfield (1979), Pissimanis and Notaridou (1981), Kasten et al
(1983), Llebot and Jorge (1984), Schmetz (1984), and Mathis (1991).

To obtain a unified presentation, and to avoid confusion with respect to units and decadic prefixes,
we express the parameterization formulae as relations between dimensionless numbers. Thus, rather
than presenting downwelling irradiance ¢ at the horizontal surface, we rephrase the original formula

to yield atmospheric emittance e:

T
e =¢ —*,3, ] w9 ’ 2.1)
T* et g T‘:

in terms of scaled surface air temperature (T,/T%), scaled surface water vapor pressure (e/e.), etc. This
dimensionless form is chosen even though some of the asterix-indexed constants get peculiar values
(for example: in eqns. (2.19) we have the identity 0.179¢,"”=(e/170 000)'”). The nomenclature is
given in Appendix A, while in Appendix B the formulae are listed in a mathematically equivalent

format, namely that in which they were originally given.
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The models can be divided in two groups, viz. models for cloudless skies only and models for both

cloudless and cloudy skies.

2.2.1.1 Cloudless sky

The mixing ratios prevailing in the lower atmosphere are so large that the intensities of water vapor
and carbon dioxide absorption bands effectively produce full black-body emission outside the atmos-
pheric window. The air temperature near the ground is thus fairly representative for the shallow, a
few hundred meters thick atmospheric layer which yields the major part of the downwelling longwave
radiation at the surface. Moreover, there is a high correlation between surface air temperature and
surface water vapor concentration. The following models take advantage of these facts, and express
the cloudless atmospheric emittance ¢, in terms of surface air temperature T, only. This implies that
even the irradiance ¢, (= ¢, oT,") is a function of air temperature only, and these formulae are

consequently named temperature-dependent formulae in the following chapters.

Swinbank (1963): _—
€ = [—s] ; T, = 3268K . (2.2)
T*
Schieldrup Paulsen (1967): 6
€ =0895 - —— ; ¢, =293 Wm™> . (2.3)
oT;
Idso and Jackson (1969):
. \? 4
€, = 1 - 0261 exp _[?] s 1, =359°C . 2.4)
Unsworth and Monteith (1975):
o, 5
£, = 1.06 - ; ¢, = 119 Wm : 2.5)
¢ £
Cole (1979):
t
€ = ¢ (1+—5) 5§, =222 Wm™2 , t, =49°C . (2.6)
OTf *
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Llebot and Jorge (1984):
LAY
€ =1-025 ‘:* = ; t, = 100°C , t,, = 33.3°C . 2.7)
21 +1
L,
Czeplak and Kasten (1987): )
& = [1] . T, - 317K . @8)

Since water vapor is the major emitter of longwave radiation in the cloudless atmosphere, several
cloudless sky models include explicit information on humidity (water vapor pressure e,, dewpoint
temperature T, or relative humidity RH,) in the expression for the cloudless emittance ¢,. This makes
the irradiance a function of both temperature and humidity, and these formulae are consequently

named temperature/humidity-dependent formulae in the following chapters.

e
€ =a - b exp(——s] . 2.9
e

*

Angstrém (1915):

where Angstrém found the constants @ = 0.79, b = 0.174, and e. = 10.53 hPa. According to
Houghton (1985) a, b, and e. are later on found to be in the ranges 0.71 - 0.80, 0.24 - 0.325, and
6.20 - 10.86 hPa, respectively.

Brunt (1932):

e 0.5
& = (_3] (2.10)
0 e 2

*

where Brunt proposed @ = 0.52 and e. = 237 hPa. According to Houghton (1985), a and e. are later
on found to be in the range 0.43 - 0.62 and 149 - 1189 hPa, respectively.

Efimova (1961, see Budyko 1974):

, = 0746 + 3) . e =202 hPa . @.11)
e

%
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Marshunova (1966, see Shine and Crane 1984):

e 0.5
€ = 0.67 + [e—’] ; e, =400 hPa .

*

Staley and Jurica (1972):

Feussner (1973):

Brutsaert (1975):

Clark and Allen (1978):

€

Ta‘s
0.787 + 0764 | 5 T, = 273K .

Satterlund (1979):

TS
e, = 1.08 [1 . exp(—ef‘]] . T, = 2016K .

Idso (1981a):

T
g = OF & =2 exp[—*] . T, = 1500K , e, = 16800 hPa .
T

e

* s

Idso (1981Db):

2 T
€ =(—‘]”’ ex —1] , T, = 350K , e, = 170000 hPa .

(2.12)

(2.13)

(2.14)

(2.15)

(2.16)

Q.17)

(2.18)

(2.19)
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Berdahl and Fromberg (1982):

t
€ = 0741 + £ ; t =1613°C  (night) ,

tl*
(2.20)
Las
RUCAT R 1667°C  (day)
Frank and Piintener (1986):
s 48 & [jﬁ} L r - 19°C 2.21)

The models listed below use surface air temperature, humidity, and other information like time of day

and the altitude above sea level as input:

Centeno (1982):

T 1.1893 RH 0.0665
e, - [0577 + 0.1 067 (?] [RH] , 2.2

* *

where z is the altitude of the station (km), RH, is the surface relative humidity (%), T = 257.4K,
and RH. = 100%.

Berdahl and Martin (1984):

* *

t ¥
€, = 0.711 + o.ss[ﬁ] = 0.73(£] + Ay + A, (2.23)
t t

where ¢. = 100°C, A, = 0.013 cos(27 h/24) with solar time 4 in hours, A, = 0.00012 (p; - Do)
with the station surface pressure p, (hPa) and p, = 1000 hPa.

2.2.1.2 Cloudy sky

Clouds account for a major part of the variation in downwelling longwave radiation at the surface,
and some of the cloudless models presented above are therefore given with optional cloud modifica-

tions. Even though each cloud modification is an empirical adjustment of one or another cloudless
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model, it can be used independently to estimate the irradiance changes caused by clouds. n is the

fractional cloud cover (n = N/8, with N as cloud amount in octa).

Bolz (1949):
e=e(1+knd) . (2.24)

Here n is fractional cloud cover, while k is a cloud factor, with k; = 0.04, k,, = 0.08, k,. = 0.17,
k, = 0.20, k,, = 0.20, and k,, = 0.24 for, respectively cirrus, cirrustratus, altocumulus, altostratus,

cumulus, and stratus clouds.

Unsworth and Monteith (1975):

€ =¢ +084 (l - 50) #ow (2.25)

Cole (1979):

¢
€=¢ + b (1+_*] n; ¢, =65 Wm?, i, =468°C . (2.26)

Centeno (1982):

7 \0652
e=(1—n)eﬂ+n1—l+(—5)

Gl R

where z. = 2.28 km, T. = 3K, and RH. = 100%.

Czeplak and Kasten (1987) and Czeplak (1993):

e=¢[l +a,n" +a,(0-n) ng™
(2.28)

vay (1 -n)d -n)ng”1 ,

where n,, n,,, and n,, are fractional cloud amounts of low, medium high, and high clouds respectively.
For the original version, @, = 0.243, a,, = 0.196, and a,; = 0.091, with p, =p,,=py=2.5 (Czeplak
and Kasten, 1987). For the latest version, g, = -0.007915 T + 2.447, a) = -0.009179 T, + 2.737,
and a, = -0.01089 T, + 3.165, with p,=p,,=2, and p,=3 (Czeplak, 1993).
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Martin and Berdahl (1984):

= t(l-c)en exp(-ﬁ] , 2.29)

Z,

where z, is the cloud base height (km), and z. = 8.2 km. The hemispherical cloud emittance e, is
assumed to be = 1 for low and medium high clouds. For cirrus clouds, ¢, = 0.74-0.084 (z-4) for
11 km > z, > 4 km, and ¢, = 0.15 for z, > 11 km.

All the above-mentioned models use cloud cover observations as input to their cloud algorithm. As
cloud cover observations are sometimes not available, models using other parameters as input are
valuable. The following model of Ineichen et al (1984) uses air temperature and global (G) and

normal incidence beam (I,) solar irradiance as input:

¢¢ In -2

e=1- 1+ 132 s §, =44 Wm? (2.30a)
i, In,mu
d’m In -2

e =1- 1+ 19.6 ;5 b, =24 Wm g (2.30b)
i, n,max

where I,,,, = 1000 Wm™. Eqns (2.30a) and (2.30b) are applicable for I/I, ., = 0.05 and L/l .4

< 0.05, respectively. These eqns are also phrased in terms of global irradiance G:

I
e=1- ¢ (1 + 1.85 pG"] s ¢, =34 Wm? (2.30c)
c 5
I
e=1- d;; [1 + 795 }"'Gn] i q)‘ =22 Wm_2 s (230(1)
o &

where p = sin « (o = solar elevation angle). Eqns (2.30c) and (2.30d) are applicable for 1,/G = 0.1
and I/G < 0.1, respectively.
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2.2.2 Inclined surfaces

If the atmospheric radiance and the radiance of the ground both have an isotropic angular distribution,

the relation between ¢; and ¢ is particularly simple:

bp = € oT; sin g] + ¢ cosz(%) , 2.31)

where the first term is the irradiance of the ground impinging on the surface, and the second term is
the atmospheric irradiance on the surface. ¢, and T, are the emittance and the temperature of the

ground, respectively.

The models listed below retain the isotropic assumption for the radiance of the ground, but they
account for the fact that the sky radiance is anisotropic and yields an additional (positive) term in the

atmospheric irradiance contribution.

Unsworth and Monteith (1975):

g = €, oT; sinz(%) + ¢ cos’(-g] + b1, oT, , (2.32)
where b ranges from 0.07 to 0.14, with a mean of 0.09. I, is given by the following figure:

0.4

10.2

o° ‘ eo" 1ao'l 180"

Fig. 2.1 Dependence of I, on slope inclination § (Unsworth and Monteith, 1975).



25

Cole (1979):

by - €, OT! sng] ‘o cosz(%) ‘b K, o, @.33)
where b, = b[1 - n (0.7067 + 0.00822 t,)], b is the same constant as for Unsworth and Monteith
(mean 0.09, range 0.07 - 0.14), and K; is a function of 8 given by the following table:

0° 10° 20° 30° 40° 50° 60° 70° 80° 90°

0 .0221 0613 1225 1798 .2339 .2803 3159 .3381 3457

2.3 MODELS FOR ATMOSPHERIC IRRADIANCE
BASED ON SATELLITE DATA

Gupta (1989):

b =d + @, - ) n (2.34a)
Here the cloudless sky irradiance is given by:
b, = [, + a, In W, + a, (In W)* + ay (n W)’] T,>7 (2.34b)

where a, = 1.791-107, a, = 2.093-10%, a, = -2.748-10°, and a; = 1.184- 10°. W, is total
precipitable water (mm) and 7, is a weighted temperature based on surface air temperature T, and the

temperatures in the two lowest layers 7; (surface - 850 hPa) and T, (850 - 700 hPa) given by:

T = kT, + kT, + (1 - k, - BT, (2.34¢)

k, and k, vary greatly with surface pressure and the temperature profile near the surface, and to a
smaller extent with W,. Reasonable average values are k, = 0.5 and k; = 0.4. The difference between

the overcast and the cloudless sky irradiance is given by:

4
Te

- (2.34d)
by +b W, + b, W2 + b, W2

¢, —

2

where b, = 4.990- 107, b, = 2.688-10°, b, = -6.147 - 10°, and b; = 8.163 - 10%. T, is the cloud base

temperature, and W, is the precipitable water below the cloud.
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2.4 MODELS FOR ATMOSPHERIC IRRADIANCE
BASED ON SOUNDINGS

Such models are given by Atwater and Ball (1978) and Kamada and Flocchini (1984), and use

emittance approximations to integrate the radiative transfer equation with soundings data as input.

2.5 MODELS FOR NARROW BAND SPECTRAL LONGWAVE IRRADIANCE

There exist sophisticated models like LOWTRAN (Kneizys et al, 1988) and MODTRAN (Berk et al,
1989). MODTRAN is a moderate (2 cm’) resolution version of LOWTRAN7 (low resolution
transmission model, version 7), and it calculates spectral radiances from vertical profiles (up to 100

km) of temperature, pressure, and atmospheric composition (of clouds, aerosols, and 13 gases).

Besides, there exist some simple narrow band models (Das and Igbal, 1987 and Berger, 1988) using

surface-based information as input. In the model of Das and Igbal (1987), the spectral emittance e(\)

is expressed as:

e(d) = 1 - explay, + a,w + aw? + auw’) , (2.35)

where the spectral coefficients a;,, a,, and a,, are given for 105 wavelength intervals between 5.25

and 42.83 um, and w is the precipitable water vapor in cm.
In the model of Berger (1988), the spectral emittance e(\) is based of the LOWTRANG (version 6 of
LOWTRAN) code and it is expressed as:

e(A) = 1 - exp(- k,, m,) , (2.362)
where k,, is estimated from surface dew point temperature ;, by two alternative relations:

k, =C +Cyty , (2.36b)

k,, = C, exp(C, t)+ C; , (2.360)

The spectral coefficients C,, C,, and C; are given for 21 wavelength intervals between 7.5 and 22.5

pm. A blackbody emission is assumed below 7.5 pm, between 14 and 16.25 pm, and above 22.5 pum.
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In Berger et al (1989), integrated values of this simple spectral model are compared with simple
broad-band longwave parameterizations. Besides, in Berger et al (1992), the spectral model is

presented as a function of altitude above m.s.1.
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APPENDIX A

Nomenclature:
o longwave atmospheric irradiance (horiz.), clear sky [W m?]
b0y longwave atmospheric irradiance (horiz.), overcast sky [W m?]
) longwave atmospheric irradiance (horiz.), arbitr. sky [W m?]
bg longwave atmospheric irradiance (slope) [W m?]
é; water vapor pressure at the surface (2m) [hPa]
N total cloud amount (0-8)
n fractional cloud amount (= N/8)
t, air temperature at the surface (2m) %]
iy dew point temperature at the surface (2m) [°C]
T; air temperature at the surface (2m) K]
Ty dew point temperature at the surface (2m) K]

. temperature of the horizontal ground surface K]
B slope angle
€ emittance of clear sky
€ emittance of arbitrary (cloudy) sky
€ hemispherical cloud emittance
€ emittance of the horizontal ground surface

o Stefan-Boltzmann constant 5.67 108 W m? K*
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APPENDIX B

Swinbank (1963):
o, = 5.31 1078 T°

Schieldrup Paulsen (1967):
b, = - 29.3 + 0.895 oI,

Idso and Jackson (1969):

¢ = [1 - 0261 exp (-7.77 107 )] o

Unsworth and Monteith (1975):

ag

119
- 1.06 - == oT?

5

Cole (1979):
b, = 222 + 494 ¢,

Llebot and Jorge (1984):

o

1S 106 ¢2 + 7.5 10'°
’ 02 % + 3.0 101

Czeplak and Kasten (1987):
b, = (99 10° T;) oI}

Angstrom (1915):

b, = [0.79 - 0.174 107°%%%] o7

Brunt (1932):
o = [0.52 + 0.065 ¢;°| oT;

Efimova (1961):
d, = [0.746 + 0.00495 ¢ ] oT;

2.2)

2.3)

2.4)

(2.5)

(2.6)

2.7)

(2.8)

2.9

(2.10)

@2.11)
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Marshunova (1966):
¢p = [067 + 005 &%) oT}

s

Staley and Jurica (1972):
o, = 0.718 2% oT!

5

Feussner (1973): o
¢, = |1 - 10005 o7

£

Brutsaert (1975): 1

¢, = 0.552 ej oT?

g

Clark and Allen (1978):

5

t, + 273
273

TS
b, = 1.08 [1 - exp(-esms]J oT?

o, - [0.7 + 595 107 ¢, exp[%]

o, = [0.737 + 0.764 u{

Sitterlund (1979):

Idso (1981a):
oT:

s
g

Idso (1981b):

oT;

1
b, = [0.179 ¢, exp($] i

s

Berdahl and Fromberg (1982):
$, = (0.741 + 0.0062 t,,) oT:  (night)
B, = (0.727 + 0.0060 1) oT!  (day)

Frank and Piintener (1986):

$o = (0.745 + 0.0056 ) oT;

(2.12)

(2.13)

(2.14)

(2.15)

(2.16)

(2.17)

(2.18)

2.19

(2.20)

(2.21)
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Centeno (1982):

430 = { [5.7723 + 0.9955 - (0.6017)’-} 11893 RHS°‘°“5 10 } o7

& 5

Berdahl and Martin (1984):

oT}

5

¢g:

2
f t
0.711 + 0.56) 2| + 0.73-2| + A, + A
100 100 8

Bolz (1949):
¢ =¢ (1 + kn? UT:'

Unsworth and Monteith (1975):

¢ =[e; + 084 (1 -¢)n]oT

Cole (1979):
¢ = ¢o + (65 + 1.39 ts) n

Centeno (1982):

I
$ = {(1 - n)e, + n[l - (3000 + 1751 z°62) RH_2 T;'] }o;rf

Czeplak and Kasten (1987) and Czeplak (1993):

b=¢l[l +aq anL +a, (1 -np) nMP“

+a, (1 -n)1 - ny) ng"] oT?

(2.22)

(2.23)

(2.24)

(2.25)

(2.26)

2.27)

(2.28)
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Martin and Berdahl (1984):

Ineichen et al (1984):

> 0.05

I
¢=oT:—44—581", for

nmax n,J0ax

I I
¢=01;'-24-471I'= ,  for —2 <005

n,max n,max

or

I 1

¢ = oT* - 34 - 63 “G", i *‘G“ > 0.1
I 1

¢=07;‘—22-175"G”, or L= c0n

(2.29)

(2.30a)

(2.30b)

(2.30c)

(2.30d)
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3.1 INTRODUCTION

A review of simple models for the estimation of longwave atmospheric irradiance from meteorologi-
cal data was made by Olseth and Skartveit in Chapter 2 of this report. By testing the models against
data from several stations, the aim of this investigation is to find the formulae which are best suited
to estimate incoming atmospheric radiation at the surface. Tables 3.1a and 3.1b list the authors of the

models tested in this Chapter.
3.2 GENERAL ASPECTS

The models can be put in two groups: models for cloudless skies and models for both cloudless and
cloudy skies. Data sets from a total of 15 stations in Norway, Sweden, Germany, France, USA and

Canada (see Table 3.2) served for testing and comparing the models.
3.2.1 Cloudless sky

The intensity of water vapor and carbon dioxide absorption bands is large enough to produce

complete black-body emission outside the atmospheric window.

All levels of the troposphere take part in the emission and absorption of atmospheric radiation.
However, the various levels make different contributions to the irradiance at ground level. In case
of cloudless sky, the lowest 100 meters of the atmosphere already make up for a major part of the
atmospheric radiation (Schmetz et al., 1986). Therefore, many empirical formulae published in the
literature are based on data of air temperature and water vapor pressure measured at 2 m height
above ground. Moreover, there is a high correlation between surface air temperature and surface
water vapor pressure, and many empirical formulae are thus based on data of air temperature alone.

However, in case of a temperature inversion, these parameterizations may produce severe errors.

In a previous comparison with measurements of the station Schleswig (Germany) the parameterization
formulae from Brunt (1932) and Swinbank (1963) came off well (Czeplak and Kasten, 1987). The
Swinbank formula is very simple, it only includes a T®-dependency and reads in a slightly modified

form (Czeplak and Kasten, 1987) as follows:
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N UT: g 3.1)
where
¢, = atmospheric radiation in case of cloudless sky,
6 = 5.67 10 WmZK* (= Stefan-Boltzmann constant),
T, = air temperature measured at a 2 m height above ground,
& = 0.99-10° (T/K)? = effective emittance of the atmosphere,
K = Kelvin.

For comparison, the original Swinbank formula (Swinbank, 1963) has ¢, = 0.936 -10° (7/K)*. In
our investigation we assume that ¢, also depends on the location. Therefore, our aim is to find a
dependency of ¢, on climate zones. On account of the simplicity, the Swinbank formula seems to be

the best suited formula for this investigation. Details will follow later.

3.2.2 Cloudy sky

In case of cloudy sky, the emittance from the clouds must be taken into account. This contribution
to atmospheric radiation is dependent on temperature, humidity, height of cloud base, cloud amount
and type of clouds and their liquid water content. The models usually consist of a cloudless sky
model with modifications for cloudiness. Each cloud modification, however, is an empirical adjust-

ment to the cloudless model used.

At the beginning of our analysis, we investigated the ratio of the atmospheric radiation ¢ (measured
in the presence of clouds) and ¢, (calculated for the cloudless case) as function of the amount of low,
medium high and high clouds. Low clouds (C,) include cumulus (Cu), cumulonimbus (Ch),
stratocumnulus (Sc) and stratus (St). C; is formed in lowest atmospheric layer (< 2000 m). The cloud
tops of Cu and Cb can reach 5000 m and the tropopause, respectively. Medium high clouds (Cy)
include altocumulus (Ac), altostratus (As) and nimbostratus (Ns). In the temperate zones Cy are
formed in an atmospheric layer between 2000 m and about 5000 m (about 7000 m in summertime)
above ground. Concerning Ns the cloud base can often be observed between 600 m and 800 m above
ground. High clouds (Cy) include cirrus (Ci), cirrostratus (Cs) and cirrocumulus (Cc). In the

temperate zones C, generally occur higher than 5000 m above ground.



39

First we used the above modified Swinbank formula to calculate clear sky emittance. Then we did
a curve fit of ¢/¢, with respect to cloud amount of a particular type (C,, Cy and Cy). We used an

power function as follows:

- =1+an* , (3.2)

£ e

where n is the fractional cloud amount of the cloud type C,, Cy or Cy. In this respect, the first
investigations were made by Bolz (1949) and Exell (1978). An improved version was given by
Czeplak (1993) and the coefficient a is given in Chapter 2, formula 2.28. We evaluated the RMSEs
for the unknown exponent x in steps of 0.2, and found that a square function (x=2) yields best fit
for low and medium high clouds, while a cubic function (x=3) yields best fit for high clouds. The
results for Luled, Bergen and Schleswig are shown in Figures 3.1, 3.2 and 3.3, respectively. In con-

clusion, we recommend the use of a cloudless sky model with modifications for cloudy conditions.
3.3 RESULTS OF THE COMPARISON

3.3.1 Cloudless sky

The comparison of the calculated and observed hourly sums of atmospheric radiation for cloudless
hours in summer (May-August) and in winter (November to December) at various sites is given in
Tables 3.3a-b), 3.4a-d) and 3.5a-d). Tables 3.3a) and 3.3b) give an overview of the averages and the
standard deviations of the measured data for the two seasons. In the following Tables 3.4a-d) and
3.5a-d) one finds statistical information on the comparison of the observed and modelled hourly

irradiance for clear skies. This might be a good means of quantitatively assessing the best models.

For instance, looking at the temperature-dependent models, we see that model 3 (Idso & Jackson) has
the smallest MBE and RMSE in summer (Tables 3.4a-b) while model 7 (Czeplak & Kasten) has the
smallest MBE and RMSE in winter (Tables 3.5a-b). Among the models using air temperature and
humidity as input without reference to time of day, we see that model 23 (Frank & Pintener) has the
lowest MBE and RMSE both in summer and in winter (Tables 3.4a-b and 3.5a-b). Moreover, the
time-of-day-dependent models 19 and 20 (Berdahl & Fromberg) and 22 (Berdahl & Martin) perform
similarly well as does model 23. The average correlation coefficients between calculated and

observed hourly values (Tables 3.4c and 3.5c) are slightly higher for the temperature/humidity-
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dependent models than for the temperature-dependent models, and they are slightly higher in summer
than in winter. Moreover, most models yield hourly values with slightly lower standard deviations
than the standard deviations of the observed values (the ratios in Tables 3.4d and 3.5d tend to be less

than unity).

A graphic comparison of the output from the original Swinbank model and measured data of 6
selected stations is given in Figure 3.4. It becomes obvious that this model underestimates the
irradiation above 300 Whm? at three stations. This is particularly visible in the diagram for the

station Bergen.

Figures 3.5a and 3.5b demonstrate the results of the modified formula of Swinbank using the
effective emittance of the atmosphere for cloudless sky & = o (T/K)?, where oy = 0.997 -10°
derived from Schleswig data for the whole year. A good correspondence was found for Schleswig
(RMSE = 6.7 %), but also good results were found for Bergen, Stockholm and Hamburg data
(RMSE = 6.9 %). Out of the 12 graphs depicting the results of this model, 7 show a model
overestimation of irradiance by 2% or more. In a further investigation we tried to derive the effective
emittance ¢, for each station for summer, winter and the whole year. As our aim was to find a model
as simple but efficient as possible, we chose again the Swinbank formula, because the corresponding
¢, includes only one parameter (c), which can be assumed as variable. We defined the seasons as
before. Daytime and nighttime are indicated if the sun elevation angle is greater than 5° or less than
-6°, respectively. Using the least square method we found diurnal, seasonal and local differences
(Table 3.6), where the values are often higher in winter than in summer, higher in the nighttime than
in the daytime and lower in the inland than at the coast. The diagrams given in Fig. 3.6 were
prepared using the coefficient o, for annual averages at each station (Table 3.6). Due to the adjust-
ment to the observed data at each station the agreement is of course excellent. Also the other models
would have improved by a similar site specific modification. For some models the efforts would,

however, be greater because there are more than one unknown coefficient «, of the emittance e,.

Most of the stations are very similar in latitude and macro-climate zones, except Bergen (maritime
influenced) and HohenpeiBenberg (mountain station). Nevertheless, we have tried to classify the
coefficient «, with the help of the climate classification according to Koppen and Trewartha (1954,
see Table 3.7). The atmospheric radiation stations are grouped according to the corresponding
climate zones. For instance, the zone Dfc is representative for Luled and Dfb for Edmonton, while
Cfb maritime is representative for Bergen and Schleswig. If there is more than one station in one
class, the average of o, was taken. Calculating the atmospheric radiation separately for the nighttime

or the daytime, the used coefficient o, would be 2 - 3 % higher or lower, respectively, than the
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corresponding value in Table 3.7.
3.3.2 Cloudy sky

The comparison of the calculated and observed hourly sums of atmospheric radiation for cloudy sky
at various sites is given in Tables 3.8 and 3.9a-d). Table 3.8 gives an overview of the averages and
the standard deviations of the measured data, while the following Tables 3.9a-d) give statistical infor-

mation on the comparison of the observed and modelled hourly irradiance.

For instance, models 4 (Centeno) and 7 (Czeplak) performs well having the lowest MBEs and
RMSEs (Tables 3.9a and 3.9b). Compared to these results, the outputs from the other models are
worse. In case of high clouds, the model of Czeplak is superior because the amount of low, medium
high and high clouds are taken into account. A comparison of the results from the models of Czeplak
and of Centeno for the station Schleswig is given in Figure 3.7. It turns out that the model of

Czeplak performs better particularly at higher irradiances.
3.4 CONCLUSIONS

Atmospheric radiation can be sufficiently well parameterized with the help of surface air temperature
and the amount of low, medium high and high clouds. Since diurnal, seasonal and local influences
exist, the coefficient «, of the atmospheric emittance ¢, = o,(T/K)* used in the Swinbank formula
should be adjusted as given in Table 3.7. The present determination of o is to be regarded as a first

step. Besides, the models should be tested for a number of other climate regions if data are available.
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Table 3.1a Models of atmospheric radiation in case of cloudless sky

Model Authors
No.
Models with only surface air temperature as input

Swinbank (1963)

Schieldrup Paulsen (1967)
Idso and Jackson (1969)
Unsworth and Monteith (1975)
Cole (1979)

Llebot and Jorge (1984)
Czeplak and Kasten (1987)

~ Oy B W

Models with both surface air temperature and humidity as input

8 Angstrom (1915)

9 Brunt (1932)

10 Efimowa (1961)

11 Marshunowa (1966)

12 Staley and Jurica (1972)

13 Feussner (1975)

14 Brutsaert (1975)

15 Clark and Allen (1978)

16 Satterlund (1979)

17 Idso (1981a)

18 Idso (1981b)

19 Berdahl and Fromberg (1982), night
20 Berdahl and Fromberg (1982), day
21 Centeno (1982)

22 Berdahl and Martin (1984)

23 Frank and Piintener (1986)

Table 3.1b Models of atmospheric radiation in case of cloudy sky

Model Authors

No.

Bolz (1949)

Unsworth and Monteith (1975)
Cole (1979)

Centeno (1982)

Frank and Piintener (1986)
Martin and Berdahl (1984)
Czeplak (1993)

e = WU T SR A I S



Table 3.2 List of atmospheric radiation stations. The altitude is given in m above m.s.l. Radiation instrument:
S = Schulze Pyrradiometer, E = Eppley Pyrgeometer (PIR)

WMO Number | Name Latitude | Longitude Altitude Instrument

Norway

01317 Bergen 60°24’N 05°19’E 45 S
Sweden

02183 Lulea 65°33’N 22°08’E 17 E

02749 Borldnge 60°29°N 15°26’E 140 E

02483 Stockholm 59°21’N 18°04’E 30 E

02071 Norrkdping 58°35’N 16°09°E 43 E

02627 Lund 55°43’N 13°13’E 73 E
Germany

10035 Schleswig 54°32°’N 09°33’E 59 S

10141 Hamburg 53°39°N 10°07’E 49 S

10348 Braunschweig 52°18’N 1027°E 83 S

10628 Geisenheim 49°59°N 07°57T’E 131 S

10738 Stuttgart 48°50°N 09°12°’E 318 S

10962 HohenpeiBenberg 47°48’N 11°01’E 990 S
France

07586 Carpentras 44°05°N 033°E 109 E
Canada

71121 Edmonton/Namao 53°%40°N | 113°28°'W 688 E
USA

72518 Albany 42°42’N 73°51°'W 79 E
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Table 3.3a Ammospheric radiation in summer (May-August) for cloudless sky at various sites. Number of
observation hours (N). Means of observed hourly sums (¢,) and standard deviation (S) in Whm™.

Berg Luled Borl Stock Norrk Lund Schle Hamb Braun
N 731 433 230 385 655 791 1205 2221 1218
¢, (obs) 318.7 289.5 288.2 312.1 296.4 294.4 313.7 316.9 326.7

S (obs) 42.4 41.3 233 40.0 30.8 36.5 34.0 35.4 38.4

Geis Stutt Hohen Carp Alba Edmon  Mean
N 1151 643 783 60 0 342 723
¢o(ocbs) 331.8 314.2 292.6 360.0 0.0 306.6 312.6

S (obs) 390 33.8 27.5 31.5 0.0 28.9 35.8

Table 3.3b Same as Table 3.3a, but for the winter (November-February).

Berg Luled Borl Stock Norrk Lund Schle Hamb Braun
N 1385 1694 348 644 1421 1051 1399 2437 1409
¢, (obs) 220.3 187.5 211.0 208.6 206.3 196.5 236.0 225.0 244.5

S (obs) 22.0 23.9 24.5 26.1 272 28.5 273 26.5 273

Geis Stutt Hohen Carp Alba Edmon  Mean
N 1174 620 1276 24 353 786 1068
¢y(obs) 237.0 235.4 222.1 306.5 182.4 186.7 217.2

S (obs) 23.5 26.4 24.9 34.5 LD 34.4 26.0
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Table 3.4a Comparison between calculated and observed atmospheric radiation for cloudless sky at various
sites in summer (May-August): Mean bias error (MBE = calculated,;,,; - observed) of hourly sums in Whm?.
The model numbers refer to Table 3.1a.

Berg Lulea Borl Stock Norrk Lund Schle Hamb Braun

Mod 1 -28.0 5.2 6.3 =5.4 .4 5.0 =13.8 =85 -9.6
Mod 2 =88 23.1 24.5 9.8 18.1 22.1 3.3 5.7 3.2
Mod 3 -24.9 8.6 9.3 =2.5 3w Fiab. mlded T P ¢ =72
Mod 4 -36.1 -3.6 =22 =~1b:i1 -8.2 ~33:9 =22.7 191 =2003
Mod 5 -34.5 -2.8 A1 =15.8 -7.2 -3.3 -22.1 -19.6 -22.2
Mod 6 -35.7 -3.4 Y25 <=18.2 =9.2 -5.5 -24.6 -22.5 -25.0
Mod 7 =8l 24.2 25.4 7.9 19.6 24.4 5.6 10.4 10.8

Mod 8 -47.0 -13.9 -12.4 -28.4 -18.9 -13.5 -29.8 -28.5 -32.6
Mod 9 -46.5 -11.7 -10.7 -26.0 -17.1 -10.1 -24.9 -23.5 -28.0
Mod 10 -18.1 15.4 16:.3 1.4 9.9 15:5 o .4 -3.4
Mod 11 -7.0 203 28.4 13.9 22.2 28.6 12.3 14.9 11.4

Mod 12 11.4 45.5 47.0 32.7 40.8 47.0 o 33.8 30.8

Mod 13 -3.2 30.1 3 16.7 25.4 30.9 14.6 16.7 1356
Mod 14 -31.7 3.0 4.4 -10.8 =18 5.k =8 =Twh  =11.6
Mod 15 -14.6 18.2 i M 4.3 13.2 18.2 1.0 2.9 =id
Mod 16 -13.7 196 211 6,2 14.8 20.2 3.6 5. 2a8
Mod 17 -13.3 21.4 22.6 7410 16.2 23.4 8.8 9.5 4.5

Mod 18 -2.5 317 3i3.4 16.3 26.8 33.6 19.8 20.2 14.6

Mod 19 -10.8 T 1.7 8.7 =2 53 14.8 -4.0 -1.4 -16.1
Mod 20 -42.6 4.7 7.4 -11.4 -2.2 1.1 -11.0 -10.8 T8
Mod 21 -38.2 -4.7 -5.8 -19.5 -10.4 -6.0 -22.5 -20.8 -25.5
Mod 22 -30.3 4.3 5.4 -9.6 -.9 5.9 =8.1 -7.5 -11.6

Mod 23 -24.4 9.6 11.0 =43 4.7 10.8 -4.6 -2.9 -6.7



Table 3.4a (continued)

Geis
Mod 1 -14.0
Mod 2 -1.3

Mod 3 -11.8

Mod 4 -24.6
Mod 5 -26.5
Mod 6 -29.8
Mod 7 6.6
Mod 8 -37.0

Mod 9 -32.2

Mod 10 Lt
Mod 11 7.2
Mod 12 26.6
Mod 13 9.2
Mod 14 -15.8
Mod 15 -4.9
Mod 16 -1.8
Mod 17 .4
Mod 18 10.3
Mod 19 -12.1
Mod 20 -13.8
Mod 21 -31.0
Mod 22 -15.8
Mod 23 -10.9%

Stutt

3

16.

-12.

24.

i 121

g 2

11.

26.

45 .

28.

13

L7

20.

30.

16.

-16.

9

Hohen
13 .8
29.5

15

28.3

38.9

25.0
<15.2
12.0

17.3

Carp

-8.1

47

Alba Edmon Mean
9.:0 -5.9
22 9.4
11.7 -3.4
-1.6 -15.5
-3.5 -15.8
=59 =18.,5
295 o i Mo
-16.5 -26.2
-13.7 -22.3
13.4 2i.9
26.7 16.7
45.9 35.6
28.5 190
2.4 -6.5
16.5 5.6
18.8 8.1
18.8 10.8
27.9 al z
- -2.1
2.4 -5.6
=21.3 -20.5
3.0 -6.1
8.3 =Ll
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Table 3.4b Comparison between calculated and observed atmospheric radiation for cloudless sky at various
sites in summer (May-August): Root mean square error (RMSE) of hourly sums in Whm?. The model numbers
refer to Table 3.1a.

Berg Lulea Borl Stock ©Norrk ILund Schle Hamb Braun
Mod 1 34.4 21.2 19.3 14.1 15.5 17.1 22.5 20.0 33.7
Mod 2 24 .1 30.5 29.3 16.7 22.7 2% .8 17,3 7.5 29.1
Mod 3 32,23 21.6 20.6 13.6 157 18.2 21.0 18.8 b e
Mod 4 41.5 20.2 16.9 19.4 16.3 16.5 28.3 25.3 36.6
Mod 5 40.8 20.4 15 .7 20.5 15.3 17.0 27.8 25.7 36.5
Mod 6 43.7 23,1 17.4 24.2 17.5 19.4 30.5 28.3 3716
Mod 7 21.8 325 338 15.9 25.7 29.%7 19.4 2.3 35.4
Mod 8 Bl 49 21.9 176 30.5 21.6 20.0 33.9 321 42.3
Mod 9 51.1 19.5 15.4 27:8 1945 ka3 29:5 27.4 38.8
Mod 10 28.2 22.8 20.8 10.4 14.5 21.2 16.0 14.5 27.6
Mod 11 215 31.8 30.7 16.2 24.2 31.6 20.4 20.5 259:8
Mod 12 22.8 48.5 48.5 337 42.1 49.0 35.3 36:.7 41.6
Mod 13 20.8 34.5 34.1 18.9 27.4 3349 215 22.0 30.8
Mod 14 37.8 le.2 1158 14.5 9.8 15.0 18.4 15.8 29:b
Mod 15 26.2 25.3 23.8 11.6 17.3 23.5 16.2 15.4 27.6
Mod 16 24.8 25.9 24.6 11.0 18.1 24 .6 16.3 15.6 27:8
Mod 17 25.4 26.4 25.1 12.8 18.8 27.6 18.3 17.4 27.0
Mod 18 22,59 35.3 3543 20.9 28.7 37.0 257 25.0 30.2
Mod 19 16.5 26.3 16.0 956 11.3 21.4 14.8 1 1y e | 22.4
Mod 20 46.1 14.7 13,09 14.6 9.4 10.9 20.9 20.8 34.3
Mod 21 44 .3 18.0 14.5 22.7 15.1 16.3 27.8 25.8 373
Mod 22 36.7 16.3 12.4 132 9.5 150 183 15,8 29585

Mod 23 32.0 18.6 1558 99 10.6 17.56 16.4 14.3 28.0
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Table 3.4b (continued)

Geis Stutt Hohen Carp Alba Edmon  Mean

Mod 1 29.6 25.1 23,3 27.1 28.3 24.0
Mod 2 251 28 33,9 17.4 L L 24.0
Mod 3 28.6 25.7 24.5 25 29.0 23.5
Mod 4 3543 24.1 18:1 3l 23.5 26.7
Mod 5 36.7 23.7 I3 34.5 20.0 26.6
Med 6 8.5 26.6 17.4 37.6 20.2 28.6
Mod 7 27.7 35:7 38,0 321 41.5 27.6
Mod 8 44 .6 22 16.8 293 21.7 32.1
Mod 9 40.7 23.4 160 289 20.4 28.9
Mod 10 25.7 23.3 26.7 16.8 21.1 20.7
Mod 11 25.5 33.5 38.4 24.1 31.7 26.1
Mod 12 2641 50.3 56.5 39.0 45.4 40.6
Mod 13 26.1 34.7 41.1 20.7 33.9 27.6
Mod 14 29.4 20.5 IS:H 19.0 16.4 20.6
Mod 15 25,2 24.8 29.5 16.2 23.2 2L:6
Mod 16 24.5 26.7 31.4 162 253 22.0
Mod 17 25.4 28.5 32.1 18.5 23.2 2351
Mod 18 28.0 36.1 41.7 20.2 30.4 29.4
Mod 19 25.2 12.3 L7 127 16.5
Mod 20 31.6 25,46 29.8 16.6 15.6 23.2
Mod 21 39.8 26.1 21.7 34.1 25.5 27.8
Mod 22 29.3 20.4 192.6 19.2 L6k 20.4

Mod 23 26.9 2L T 23.2 1w 7.7 i )
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Table 3.4c Comparison between calculated and observed atmospheric radiation for cloudless sky at various
sites in summer (May-August): Correlation coefficient (R) between modelled and observed hourly sums. The
model numbers refer to Table 3.1a.

Berg Luled Borl Stock Norrk Lund Schle Hamb Braun

Mod 1 .884 .881 .870 #8951 .895 .898 .869 .888 .675
Mod 2 .885 .879 SETD 2353 B9F = B98 .870 .887 .673
Mod 3 .880 .884 .859 .947 .890 .894 .865 .887 JBT5
Mod 4 .885 .879 .875 953 .897 .899 .870 .887 .673
Mod 5 .886 .873 .881 .954 .899 .899 .871 .886 .669
Mod 6 .881 .880 .863 .945 .886 .892 .866 .884 .693
Mod 7 .884 .881 .870 -951 .B895 .898 .869 .888 .675
Mod 8 .895 918 <933 .980 . 948 .929 .886 sl STILR
Mod 9 .886 .928 . 944 .972 .952 .823 .884 5919 .722
Mod 10 .896 L1 .925 <879 .940 .926 .885 -914 .706
Mod 11 .894 .922 23T .980 .549 .928 .886 .918 . 115
Mod 12 .895 «919 .934 ~-579 .948 . 928 .886 . 917 12
Mod 13 .896 .914 .928 =979 .944 .928 .885 .914 .707
Mod 14 .884 . 927 .944 S8R0 #9352 L9223 .885 .920 .723
Mod 15 .896 .907 5 5 o7 2977 .935 .924 .883 .910 .700
Mod 16 .896 Mo o7 .924 <979 .941 . 927 .884 <913 .705
Mod 17 .882 928 .946 .968 .951 .918 .881 .914 ; 123
Mod 18 .867 .928 .943 351 .944 .909 .880 .914 .725
Mod 1% .886 .780 .908 .969 .925 .848 .859 .906 . 842
Mod 20 .849 .938 . 946 . 976 .958 .5851 .824 .888 L7211
Mod 21 .896 .914 .926 -979 . 942 . 927 .885 -914 .707
Mod 22 .889 .926 .542 .976 .952 .926 .886 .91% .720

Mod 23 .892 .922 939 +978 «: 251 . 928 .887 .9189 i 23



Table 3.4c (continued)

Mod
Mod
Mod
Mod
Mod
Mod
Mod
Mod
Mod
Mod
Mod
Mod
Mod
Mod
Mod
Mod
Mod
Mod
Mod
Mod
Mod
Mod

Mod

10

i

12

13

14

15

16

17

18

19

20

21

22

23

Geis
.781
778
.782
.778
A T2
« 793
.781
5720
.780
w120
.789
.790
.790
.782
.789
+79L
A £
.764
.758
.787
191
.784

.788

Stutt
/A
«T53
.747
753
156
7
sTkDil:
.802
.811
.799
.806
.803
.796
.811
.788
. 794
.811
.809
.895
.B865
.796
.810

.806

Hohen

.789

i 19T

.784

.791

.794

178

. 788

833

.840

.827

~B35

.834

.829

.840

.822

.827

.842

.841

.884

.856

.828

.839

.837

Carp

.878

.883

.874

.883

.888

.838

.878

.909%

+918

.913

<315

912

.906

.918

.903

.905

.919

.921

.885

w987

<917

.914

51

Alba Edmon

.814

.813

.814

.813

.811

.807

.814

.898

ol o]

.878

<901

.899

.890

.922

-B72

.884

+921

32

.893

.912

.886

.914

.908

Mean

~835

«B35

.833

+835

.835

.833

.835

.868

.869

.864

.869

.868

.B65

.869

.860

.864

.866

.863

.868

.870

.865

.870

.869
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Table 3.4d Comparison between calculated and observed atmospheric radiation for cloudless sky at various
sites in summer (May-August): Ratio between standard deviations of modelled and observed hourly sums. The
model numbers refer to Table 3.1a.

Berg Luled Borl Stock Norrk Lund Schle Hamb Braun

Mod 1 .82% 1.038 4,117 4,058 1,125 .984 1.030 1.073 1.082
Mod 2 .634 .800 .856 .808 .860 .754 .788 .814 .814
Mod 3 .774 .997 1.070 1.032 1.102 .95% 1.007 1.060 1.079
Mod 4 #7511 .947 1.014 .958 1.018 .893 .934 #9865 .963
Mod 5 .660 .823 .880 .821 .872 .768 .801 .818 .806
Mod 6 .524 7 - 7139 .718 . 749 .657 .684 . 749 .811
Mod 7 .868 1.105 1.183 1.104 1.198 1.048 1.097 1.142 1.152
Mod 8 .624 .824 .814 .788 .841 .769 L7789 . 787 .742
Mod 9 .704 .976 -915 S (ol .959 .901 .909 .910 . 827
Mod 10 .645 .874 <855 .824 .878 .803 .838 .849 .803
Mod 11 .726 .986 +I5L .925 . 985 910 .931 .938 .874
Mod 12 L6820 1012 w395 .968 1.026 .941 «953 . 963 . 9086
Mod 13 .702 .917 .919 .890 .942 .856 .869 .881 .839
Mod 14 .754 1.021 973 .961 1.018 8952 .944 . 946 .B64
Mod 15 .640 .834 .845 .812 .862 777 .800 .814 .785
Mod 16 .689 .905 . 906 .877 .930 . 844 .863 .877 .838

Mod 17 .688 <957 .896 .869 49310 .878 .884 .880 .785

Mod 18 .665 .897 .847 .843 .890 . 844 .811 .807 L7117
Mod 19 .826 .721 .8459% .895 2903 AT .852 .986 .884
Mod 20 «B13 .988 955 .912 1.012 .938 .871 . 796 .628
Mod 21 .608 .803 . 794 774 .821 . 144 .761 .774 .736
Mod 22 .720 S887 836 .918 .978 .913 .923 .926 . 850

Mod 23 .706 .944 .918 .897 951 .878 .884 .891 .830



Table 3.4d (continued)

Mod
Mod
Mod
Mod
Mod
Mod
Mod
Mod
Mod
Mod
Mod
Mod
Mod
Mod
Mod
Mod
Mod
Mod
Mod
Mod
Mod
Mod

Mod

10

11

12

13

14

15

16

17

18

19

20

21

22

23

Geis
=575
- 430
«FT
.865
.720
.749
1.038
.673
6L
L7129
.797
.B23
+ 159
<792
.709
.758
.728
.664
i T
.664
.664
779

.756

Stutt
1.070
.B00
1.076
.948
.786
«BL17
1.139
.762
.886
.B26
.911
.933
.854
.918
e
.B852
.856
.781
~837
;798
.738
.900

.863

Hohen
1.084
.826
1.068
.978
.834
e
1.154
. 848
.985
.879
. 998
1.035
.943
1.042
.855
.930
955
- I |
.967
.893
.776
.599

965

Carp
Lbhb
1.142
1.587
1.352
1.091
1.361
1.655
1.089
1.320
1.244
1.350
1.354
1.227
1332
1.145
1.236
1.253

1.100

1.208
1.088
1.332

1.254

53

Alba

Edmon
1::539
1.164
1.524
1.379
1.163
1.120
1639
1.109
1.256
1.174
1.302
1.354
1.246
1.327
1.150
L2377
1.192
1.136
1.064
I.251
1.042
1.283

1.251

Mean
14055
.802
1.039
.949
.807
.741
1.122
777
.893
.828
.920
«+950
.871
.936
.802
.864
.862
.804
.906
.864
= T5h
.909

.879
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Table 3.5a Comparison between calculated and observed atmospheric radiation for cloudless sky at various
sites in winter (November-February): Mean bias error (MBE = calculated,,,;; - observed) of hourly sums in
Whim. The model numbers refer to Table 3.1a.

Berg Lulea Borl Stock DNorrk Lund Schle Hamb Braun
Mod 1 -17.6 -13.8 -1.0 3.2 ~-5.8 2.6 -20.0 -13.8 -18.9
Mod 2 17.1 23.2 32.7 30.9 28.8 37.4 13.0 19.8 12.6
Mod 3 1:8 18.8 16k 15.8 15.5 24.2 -4.9 e 1 =65

Mod 4 -23.4 -22.3 -6.6 -5:2 =1251 -3.7 -25.4 -19.4 -24.3

Mod 5 -18.0 -21.3 1.1 -4.3 -7.8 o =195 =139 =185
Mod 6 3.0 13.1 17.6 6.5 14.8 23.7 2.9 4.4 -4.7
Mod 7 -4.5 ~2.6 12.6 5 T2 15.4 -6.0 i -4.3
Mod 8 -22.8 -12.5 =hy 5 -7.2 =92 .0 -24.3 -17.8 -25.0

Mod 9 -30.5 -21.1 ~-13.2 -13.8 -16.2 -6.9 -29.6 -23.6 -29.8
Mod 10 T 160 22.6 21.5 19.7 28.6 3.8 10.5 3.0
Mod 11 b2 12.9 238 22.3 19.7 28.8 6.7 12.6 Tndi

Mod 12 16.3 19k 353 335 29.8 39.0 159 25.0 222

Mod 13 7.4 10.8 26.1 24 .4 20.8 30.0 10.1 15.6 12.0
Mod 14 -26.4 -21.2 -7.0 -8.2 -11.8 -2.3 -21.5 -16.3 -20.4
Mod 15 6.8 13.4 23.6 22.2 19.6 8.7 5.7 12.0 545
Mod 16 5 %, 6.7 18.9 1%:..5 14.4 23 .68 2.0 7.9 2.4
Mod 17 38 11:.8 20.6 15.8 17.4 26.7 4.3 10.2 4.0

Mod 18 101 16.4 29.5 28.7 25.0 34.9 15.4 20.7 15.7

Mod 19 -15.4 -10.4 1.8 1.8 -1.6 Taf L9 =B.1 =31%42
Mod 20 -24.0 -13.3 6.9 S8 ~6.9 3.6 -17.3 -3.8 6.8
Mod 21 -13.5 -4.4 1.8 2.:5 # il 8.7 -14.8 -8.1 -15.9
Mod 22 -16.5 -8.2 «9 il -2.4 6.8 =15.4 ~g.,5 =15.3

Mod 23 -12.9 b B 4.3 1.0 10.3 -10.3 -4.7 -9.7



Table 3.5a (continued)

Mod
Mod
Mod
Mod
Mod
Mod
Mod
Mod
Mod
Mod
Mod
Mod
Mod
Mod
Mod
Mod
Mod
Mod
Mod
Mod
Mod
Mod

Mod

10

1,

12

13

14

15

16

17

18

19

20

i

22

23

Geis Stutt
-20.6 =10.6

L255 21.0

-5.6 2.2
-26.0 -16.0
-20.2 -10.3

=35 3.8

-6.6 3.9
-25.9 =l6.89
-31.6 -21.8

2.6 11.2
L 1571

18.0 29.2

8.4 154
-23.8 =12.5
4.4 1348
= 10.6
2.3 119

12.9 23"

~18.4 -7.1
-3.2 4.2
-17.4 -11.2
-17.4 S
=12.2 1.6

Hohen

’ C i

24.6

7.9

Carp
=35:7
=121
-31.8
-42.2
=383
-36.2
«1:8.72
-47.0
-46.7

-=19.8

=323
-16.1
-15.7

=12.7

-29.5
=23..5
=839
-31.2

-25.4

55

Alba

43.3

B8

30...9

19.4

33.8
30.8
38.2

29;-8

338

25.0

28.8

32.2

11.4

10.2

Edmon
—22.7
14.6
14.2
=32.6
-34.3
8.2
-12.1
-20.4

-30.2

-26.2
-19.8
-22.4
=AF2

=196

Mean

a3 B

5.6

22,2
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Table 3.5b Comparison between calculated and observed atmospheric radiation for cloudless sky at various
sites in winter (November-February): Root mean square error (RMSE) of hourly sums in Whm?. The model
numbers refer to Table 3.1a.

Berg Luled Borl Stock Norrk Lund Schle Hamb Braun
Mod 1 22.1 23.3 16.5 12.8 14.1 17.8 25.5 19.8 29.0
Mod 2 21.7 28.9 36.5 3342 31.1 41.1 20.9 24 .4 24.6
Mod 3 14.6 23.4 23.0 20.9 20.1 29.8 18.5 155 22.4
Mod 4 27.0 305 18.0 16.0 18.4 18.7 29,9 24.2 32.7
Mod 5 22.5 32.6 17.2 15.4 17.4 18..7 25.1 20.4 28.5
Mod 6 14.0 19.8 23.8 20.5 18.9 29.2 1 Ph 155 21.4
Mod 7 14.3 20.5 21.131 13.9 15.6 23.9 16.9 14.6 23.0
Mod 8 26.1 1953 16.2 12.8 13.7 15.9 28.7 220 239
Mod 9 32.8 26:1 L6 EFe2 19.1 17.4 F3d: 267 35.7
Mod 10 14.8 22,72 27.4 24.3 22.5 33.0 16.4 BE . 20.6
Mod 11 13.8 21.4 27.9 24.8 22.6 33.2 16.4 18.1 21.5
Mod 12 20.5 28.2 38.5 35.7 32.8 43.2 24.8 28.4 29,7
Mod 13 14.4 23.0 30.2 27.1 24.5 35.0 7.9 20.4 234
Mod 14 29.2 28.7 16.4 14.1 17.4 18.0 26.0 20.9 28.6
Mod 15 14.1 21.8 28.1 24.8 22.5 L (R s 16.3 17.8 21.0
Mod 16 123 19.4 24.2 20.7 18.5 29.1 15.0 15:2 20.4
Mod 17 T2h'8 1%.9 25:3 22.4 20..3 3.2 15.5 1l6.2 20.1
Mod 18 16.1 24.9 32.8 30.8 27.9 39.0 2.1 24.1 24.8
Mod 19 18,5 21.7 15.6 11.6 12.:5 19T 18.9 14.8 23.4
Mod 20 279 21.3 10.1 117 13.6 14.7 228 1377 21:8
Mod 21 18.3 16.5 15.0 10.9 10.4 18.4 21:.3 15:3 25.4
Mod 22 20.6 18.0 14.6 10.4 1058 17'.8 21.4 15.8 25.1

Mod 23 17.8 199 158 i 11.9 20.1 179 13.6 22.2
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Table 3.5b (continued)

Gels Stutt Hohen Carp Alba Edmon Mean
Mod 1 27 :5 22.2 18.9 45.8 15.4 273 21.6
Mod 2 21.3 28.0 39.8 30.6 45.2 20:3 28.0
Mod 3 18.2 18.8 23.8 42.8 34.4 23.8 20.7
Mod 4 3L..7 25,1 18.2 50.8 14.2 36.6 25.6
Mod 5 202 Dhaiid 18.9 47 .4 16.1 40.5 238
Mod 6 17.6 18.7 24.3 46.0 33.3 18.8 19.%
Mod 7 19.8 20.5 27.7 34.2 24.1 20.2 1951
Mod 8 30.2 24.2 15.3 53.9 11.4 24.8 22.0
Mod 9 35.0 27307 18.6 53.5 11.4 33.2 26.7
Mod 10 16.5 21.0 28.8 33.6 35.8 161 21.2
Mod 11 16.6 23,2 3051 28.1 32.8 14.3 213
Mod 12 24.2 34.3 42.1 28.0 39.9 175 30.1
Mod 13 17.8 26.0 33.0 27.0 1.8 16.7 23,1
Mod 14 28.3 21.4 15.6 41 .4 11.1 37.5 235
Mod 15 16.5 22.4 30.0 3Lub 337 14.1 21.2
Mod 16 15.8 20.6 26.4 31.0 273 15 18.9
Mod 17 15.5 20.5 26.4 28.9 30.7 13.9 19.6
Mod 18 19.4 29.0 33.2 25.4 33.6 15.0 25.4
Mod 19 21 uh 1655 13.8 36.0 119 29.3 18,1
Mod 20 19.6 183 1921 40.7 10.5 24 .9 18.6
Mod 21 23.3 20.6 16.3 47.9 15.4 25,9 18.1
Mod 22 23.2 18.8 14.6 40.8 13.4 22:1 18.1

Mod 23 19.6 17.4 16.6 36..5 14.6 24.3 17,4
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Table 3.5¢ Comparison between calculated and observed atmospheric radiation for cloudless sky at various
sites in winter (November-February): Correlation coefficient (R) between modelled and observed hourly sums.
The model numbers refer to Table 3.1a.

Berg Luled Borl Stock Norrk Lund Schle Hamb Braun

Mod 1 .796 818 BT .893 .908 .808 .814 .847 .632
Mod 2 .797 .819 56 .890 .905 .805 .814 .845 .636
Mod 3 .788 .819 A5 .891 .911 .816 .808 .848 L6155

Mod 4 <79 .819 .756 .890 .905 .805 .814 . 845 .636

Mod 5 .798 .816 o] .884 <5907 .799 .814 . 840 .640
Mod 6 .797 «B17 T .892 . 905 .804 .814 .843 .638
Mod 7 796 .819 o L .893 .908 .808 .814 . 847 .632
Mod 8 .825 .832 .796 s S5 .928 .829 .838 .876 .686
Mod 9 .831 .837 .806 .920 Al .B35 .842 .882 .699
Mod 10 .812 - B25 .776 .903 .918 .818 .827 .862 .662
Mod 11 .827 .832 194 .914 927 .828 .837 .875 .685
Mod 12 .833 .835 .800 <916 .929 .829 .841 .878 .693

Mod 13 2833 .835 .798 .914 .928 .827 .841 B8 .691

Mod 14 .833 .841 .811 922 935 .837 .846 .886 w30
Mod 15 .826 .830 .786 .909 .922 .822 .834 .868 .674
Mod 16 .830 .833 .794 <13 -927 .826 .838 .874 .683

Mod 17 .829 .834 .802 917 <933 .833 .838 .879 .698

Mod 18 .831 .B843 .817 .922 936 N .848 .889 .724
Mod 19 .831 .839 .796 2919 #9310 .836 .848 .879 193
Mod 20 «T63 .676 . 945 .903 .944 .820 .816 #9186 723
Mod 21 .831 .833 . 794 <913 .527 .826 .839 .874 .684
Mod 22 .830 .836 .803 919 I .833 .841 .880 .695

Mod 23 .834 837 .804 .918 s e B .832 .843 .881 .699



Table 3.5¢ (continued)

Mod
Mod
Mod
Mod
Mod
Mod
Mod
Mod
Mod
Mod
Mod
Mod
Mod
Mod
Mod
Mod
Mod
Mod
Mod
Mod
Mod
Mod

Mod

10

11

12

13

14

15

16

17

18

19

20

21

22

23

Geis
.683
.683
.678
.683
.682
.683
+E 83
.754
] P
.720
.753
. 765
.764
787
.739
. 754
.765
.802
.86l
.748
. 754
.767

T3

Stutt

71T

b

.706

«719

.721

. 720

.717

. 755

.764

.73%

7oy

.760

RS

<772

. 747

. 754

.764

.780

.806

.800

. 754

.762

.764

Hohen

. 784

.785

777

.785

.785

/85

.784

.820

.826

.805

.820

.825

.824

.826

815

.821

.824

.820

.848

.852

.821

. 825

.826

Carp
.551
556
.539
.556
.563
.556
.551
.622
.633
585
.618
.623
.618
.642
.601
.610
.640
.660
.816
.424
.612
.630

.630

59

Alba
.774
.773
-T75
773
SUTL
772
.774
.836
.860
.799
.838
.862
.865
.885
.834
. 852
.844
.900
.887
.877
. 851
.853

.870

Edmon
.908
:91S
.893
. 915
.924
.882
.908
.914
.918
+ 915
. 918
.927
.930
.928
.924
+B25
.918
.935
.942
.923
5825
.914

.927

Mean
.799
5799
.795
el
.798
.798
G795
.831
.838
.816
B3l
.836
.835
.B44
825
.831
.836
.848
.858
.834
.832
.836

.839
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Table 3.5d Comparison between calculated and observed atmospheric radiation for cloudless sky at various
sites in winter (November-February): Ratio between standard deviations of modelled and observed hourly sums.
The model numbers refer to Table 3.1a.

Berg Luled Borl Stock Norrk Lund Schle Hamb Braun

Mod 1 .862 1.358 .928 1.037 1.121 . 597 .767 .930 .876
Mod 2 .756 1.248 .809 =330 .998 .889 .663 .806 T3
Mod 3 553 .763 .611 B35 .691 .611 B2 .631 .656
Mod 4 .895 1.478 .958 1.102 1.182 1.053 .785 +955 875
Mod 5 .943 1.675 1.001 1.207 1.273 1.139 .809 .989 .869
Mod 6 .643 1.051 .686 .780 .852 .758 559 .681 .614
Mod 7 .918 1.446 .988 1.081 1.1%94 1.062 .816 w390 933
Mod 8 2717 1.104 .764 .870 352 .864 699 .812 . 747
Mod 9 .784 1.182 .823 .942 1,035 . 947 .778 .892 .820
Mod 10 .708 1.134 .760 .869 .941 . 847 .664 .790 .729
Mod 11 .826 1.285 .874 1.003 1.095 .995 .796 227 .850
Mod 12 .968 1.510 .995 1.163 1.270 1.160 .906 1.045 . 945
Mod 13 .940 1.484 +89585 1.129 1.228 1.123 .859 93 .891
Mod 14 -960 1.438 .969 1.133 1.245 1.145 .920 1.041 . 941
Mod 15 79T 1.278 .833 .971 1.052 .954 .730 .858 ;1S
Mod 16 +B6E 12586 <892 1,039 1,131 1.030 - 127 .927 . 842

Mod 17 786 1.218 .831 .961 1.051 .960 785 .903 .820

Mod 18 .946 1.415 .926 1.107 1.214 1.125 .897 ok .886
Mod 19 .943 1.416 ;922 1.132 1,192 12095 .875 1.004 .891
Mod 20 .798 1.189 1.107 1.028 1.336 1.183 «BTT D33 <959
Mod 21 #7259 L k¥9 .780 21T .998 . 906 .703 .818 .740

Mod 22 .809 1.225 .853 .974 1.070 wITS .799 219 .844

Mod 23 .898 1.384 .918 1.073 1.174 1.075 .847 .971 .878



Table 3.5d (continued)

Mod
Mod
Mod
Mod
Mod
Mod
Mod
Mod
Mod
Mod
Mod
Mod
Mod
Mod
Mod
Mod
Mod
Mod
Mod
Mod
Mod
Mod

Mod

10
11
12
13
14
15
16
17
18
19
20
21
22

23

Geis
.930
.788
.686
<933
.932
.656
oL
.789
.865
eoelf
.898
.998
.942
«595
.823
.889
.867
.943
.966
2BBE
.779
.891

«827

Stutt Hohen

.967 1.171
.808 .990
. 747 .869
R R S 0 £7 52
.939 1.170
669 ;825

1.029 1.247

STT9 .862
.840 .903
S778 .900
.887 .985
.976 1.083
.922 1.035
.949 1.019
.822 .945
.879 <904
.839 #9315
.873 w29
.860 1.030
.883 ;895
.760 .825
.869 .944
.899 .988

Carp
.699
.554
.637
.656
«593
.444
. 744
57 L
.651
.581
.663
.695
.636
.698
.574
.622
.640
.624
.501
.6089
.546
.663

.647

61

Alba
1.048
.941
.614
1135
1215
.809
1.116
.B3¢%
.904
.B55
.974
1.149
1.128
1112
. 965
1.031
919
1.096
1.029
1.227
. 905
. 936

1.058

Edmon
1.049
.998
B0
B O = 2.
1.418
. 740
I
. 840
.902
.887
30895
1.223
1.235
1.154
1,035
1.099
.937
1.181
1.097
1,179
527
.920

1.119

Mean
1.005
.883
.659
1.046
1.109
<738
1.069
839
529353
.835
.964
1.105
1.065
1.082
.920
+987
.924
1.046
1.054
.990
.863
.941

1.021
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Table 3.6 Coefficient o, - 10° of the cloudless atmospheric emitiance &, (= o, (T,/K)?) for various sites.
Daytime, nighttime, and diurnal averages are given for the whole year and for summer and winter.

Station Year Summer Winter
Day Night | Day Night | Day Night

Bergen 1.014 1.026 1.017
1.032 1.007 1.043 1.001 1.006 1.018

Luled 0.956 0.917 0.980
0.922 0.971 0.907 0.912 0.997 0.980

Borlinge 0.925 0.914 0.939
0.884 0.944 0.882 0.942 0.899 0.946

Stockholm 0.952 0.951 0.949
0.939 0.959 0.938 0.983 0.928 0.952

Norrkdping 0.950 0.933 0.959
0.923 0.959 0.913 0.952 0.948 0.962

Lund 0.929 0.920 0.921
0.918 0.937 0.913 0.930 0.906 0.925

Schleswig 0.997 0.977 1.023
0.960 1.013 0.955 0.997 1.010 1.025

Hamburg 0.973 0.962 0.996
0.941 0.989 0.945 0.978 0.950 1.005

Braunschweig 0.986 1.035 1.011
0.890 1.035 0.897 1.016 0.906 1.042

Geisenheim 0.995 0.974 1.023
0.936 1.029 0.943 0.999 0.940 1.050

Stuttgart 0.937 0.915 0.981
0.882 0.977 0.874 0.961 0.914 1.003

Hohenpeifienberg 0.900 0.892 0.911
0.849 0.915 0.849 0.910 0.865 0.921

Edmonton 0.965 0.927 1.054
0.918 1.013 0.902 0.978 1.008 1.080
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Table 3.7 Coefficient o, -10° of the cloudless atmospheric emittance €, (= «, (T,/K)?) for various climates.
The given coefficients are averages for the stations listed under the respective climate.

Climate” / Stations Summer Winter

Dfb 0.931 0.975

Borlinge
Stockholm
Norrkoping
Edmonton

Dfb (mountainous) 0892 0.911

HohenpeiBenberg
Dfc 0.917 0.980

Luled

Cib 0.946 0.986

Lund
Hamburg
Braunschweig
Geisenheim
Stuttgart

Cfb (maritime) 1.002 1.020

Bergen
Schleswig

Csa 0.950 1.058

Carpentras

“ In explanation of the climate classification:-

Df - Cold snow-forest climate. Constantly moist.
Cf - Mild temperate rainy climate. Constantly moist.
Cs - Mild temperate rainy climate. Dry season in summer.
a - Average temperature > 22°C in warmest month.
b - Average temperature < 22°C in warmest month.
- Average temperature > 10°C in less than 4 months.



64

Table 3.8 Atmospheric radiation (whole year) for cloudy sky (cloud amount = 1-8 octas). at various sites.
Number of observation hours (N). Means of observed hourly sums (¢) and standard deviation (S) in Whm?.

Lulea Borl Schl Hamb Brau Stut Mean

N 70859 BEL16 49680 77316 26351 12281 40350

¢ (obs) 281.5 300.8 3193 321.7 321.4 3216 308.9
S (obs) 52.4 43 .7 38.9 41.5 37.5 39.9 43 .7

Table 3.9a Comparison berween calculated and observed atmospheric radiation (whole year) for cloudy sky
at various sites: Mean bias error (MBE = calculated,,,;, - observed) of hourly sums in Whm®. The model
numbers refer to Table 3.1b.

Lulea Borl Schl Hamb Brau Stut Mean
Mod 1 -21.1 -14.8 -27.3 -30.5 22,1 -16.0 =25 .1
Mod 2 10.3 19.4 3.3 1.5 10.6 17.1 6.6
Mod 3 5.2 7.3 3.0 1.4 10.7 17..9 5.1
Mod 4 7.6 Tk o B -3.8 1.8 1.3 1.2
Mod &5 16.5 23.4 9.8 8.1 16.1 22.5 12.9
Mod 6 18.8 29.3 17.3 13.6 20.7 25.4 17.6
Mod 7 3.9 14.9 -4.5 -5.6 5.9 8.9 -.1

Table 3.9 Comparison between calculated and observed atmospheric radiation (whole year) for cloudy sky
at various sites: Root mean square error (RMSE) of hourly sums in Whm?. The model numbers refer to Table
3.1b.

Luled Borl Schl Hamb Brau Stut Mean
Mod 1 28.6 24.5 31T 35.4 3.5 26.0 31.5
Mod 2 24.0 29.4 b B 1:9::3 26.3 28.9 239
Mod 3 27.4 30.0 19.3 2l 281 . i e B 24.0
Mod 4 19.9 20.2 16.1 A= 21.5 19.6 18.6
Mod 5 26.4 31.4 19.5 20.4 28.1 31.8 23.6
Mod 6 27.0 35.4 24 .4 21.4 31.4 33.1 25.7

Mod 7 22.5 24.5 1 1:5:9 23.1 24.9 20.9
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Table 3.9c Comparison between calculated and observed atmospheric radiation (whole year) for cloudy sky at
various sites: Correlation coefficient (R) between modelled and observed hourly sums. The model numbers refer

to Table 3.1b.

Mod
Mod
Mod
Mod
Mod
Mod

Mod

Luled
931
.922
.905
<837
.926
.939

<915

Borl

.896

.871

.860

.904

.882

.904

.898

Schl

<915

.897

.890

«911

.902

.907

.900

Hamb
.902
.890
.878
.913
.893
.920

.890

Brau

.828

.804

.798

.821

.814

.814

.829

Stut

.870

.836

.823

.872

.843

.864

.834

Mean

.903

.888

.876

.907

.893

.908

.890

Table 3.9d Comparison between calculated and observed atmospheric radiation (whole year) for cloudy sky
at various sites: Ratio between standard deviations of modelled and observed hourly sums. The model numbers

refer to Table 3.1b.

Mod
Mod
Mod
Mod
Mod
Mod

Mod

Lulea
.964
1.062
1191
.922
1.029
1.078

1039

Borl
.961
.99%6
L0097
.834
265
1.058

.977

Schl
.988
<993
1.069
.880
<O5h
1.042

.964

Hamb
. 943
.967
.043
.B836
.935
297

. 945

Brau

1.038

1.052

1.143

.870

1.014

1.052

1.038

Stut

1.016

1.036

i 8 o

.847

1.005

1.040

1.026

Mean
.973
.014
.108
.874
5979
.040

- 992



66

14
] Lulea
13- 1983-1992
71 high clouds T
1.2
FQ? ]
11
B ]
1.0
0.9
6:8-— T I [ 1 I I. l l
0 1 2 3 4 5 6 7 8
N (Octa)
1.4
E Lulea
1.3 1983-1992
1 medium high clouds
124
o ]
] 806
3 P
e ]
1.0
0.0 3204 o335 1788 O
0.8 1— T | T I T T I I
0 1 2 3 4 5 5] 7 8
N (Octa)
1.4 -
1 Lulea
137 1983- 1992
7 low clouds
1.2
»9? 2
\ 1 1—_
=4 ]
1.0
0.9
0.8 1 I l T I ! t I |

N (Octa)

Fig. 3.1 For Luled, Sweden: Average ratios ¢ /@, (with standard deviations given as bars) between hourly
irradiation measured (§) for cloud amount N and calculated (@,) for clear sky by eqn (3.1). Average ratios
obtained from eqn (3.2) are given as continous curves, and the number of hours is printed for each cloud amount.
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Fig. 3.2 Same as Fig. 3.1 but for Bergen, Norway.
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Fig. 3.3 Same as Fig. 3.1, but for Schleswig, Germany.
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Fig. 3.4 Calculated (Swinbank (1963): effective emittance €, = 0.936 x 10° ( T/K)?) vs measured group mean
values of hourly atmospheric radiation for clear sky (Whm?) at six stations. Data are grouped into 50 Whm
intervals of measured radiation, with root-mean-square errors (RMSE) indicated by error bars and number of
hours printed for each group. The total number of hours N, overall correlation coefficients R, mean bias errors

MBE, and root-mean-square errors RMSE are also printed.
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Fig. 3.5a Same as Fig. 3.4, but for calculations by the model of Czeplak and Kasten (1987) (effective emittance
€ = 0.997 x 10° (T/K)).
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Fig. 3.5b Same as Fig. 3.4, but for calculations by the model of Czeplak and Kasten (1987) (effective emittance

€, = 0.997 x 107 (T/K)) for six other stations.
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Fig. 3.6 Same as Fig. 3.4, but for calculations with effective emittance €, = 0, (T/K)’, where &, is the annual
average diurnal value calculated from the measured data at each station by least square analysis (Table 3.6).
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Fig. 3.7 Calculated (left: Czeplak, 1993, right: Centeno, 1982) vs measured group mean values of hourly
atmospheric radiation (Whm?*) for cloudy sky (cloud amount = 1-8 octas). The data grouping and the statistical
information are similar to that in Fig. 3.4.
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4.1 INTRODUCTION

A number of simple formulae for the estimation of longwave atmospheric irradiance from meteoro-
logical data, both under cloudless and cloudy skies, are listed in Chapter 2. In Chapter 3, these
formulae are tested against measured data from 15 stations representing different climates. In the pre-
sent Chapter, the same formulae are compared to the output from the spectral model MODTRAN
(Kneizys et al 1988) for 6 standard atmospheres ranging from a Tropical to a Sub-Arctic Winter atmo-
sphere, for several modifications of these atmospheres, and for 24 radiosoundings from Schleswig,

Germany.

All the simple "cloudless" formulae require surface air temperature as input, while some formulae,
in addition, require information about surface air humidity. Some of the simple "cloudy" formulae
consist of a "cloudless" formula which is complemented with a cloud formula to account for the
irradiance change caused by clouds. In the present paper, all cloudless formulae are compared to
MODTRAN without reference to their companion cloud formula and, vice versa, all cloud formulae,
for the overcast case only, are compared to MODTRAN without reference to their companion

cloudless formula.

4.2 DATA AND RADIATION MODELS

4.2.1 Data

The MODTRAN package is supplied with 6 standard atmospheres: Tropical (Tr), Mid Latitude
Summer (MLS), Mid Latitude Winter (MLW), Sub-Arctic Summer (SAS), Sub-Arctic Winter (SAW),
and 1976 US Standard (US), each containing 34 layers with specified properties between the earth
surface and 100 km altitude. These atmospheres are put together from a variety of sources, and they
are intended to represent average seasonal and latitudinal variations of atmospheric properties. The
temperature and humidity profiles of these model atmospheres are shown in Figs. 4.1 and 4.3. Table
4.1 gives the air temperatures at the surface, at 1 km, and at 2 km altitudes together with humidity
at the surface. To extend the climatic range, the temperature profiles were also modified as shown

in Fig. 4.2, and several humidity profiles were combined with these temperature profiles as discussed

later.
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Table 4.1 Air temperature at the surface (T), at 1 km (T)), and at 2 km (T,) altitude; dew point temperature
(Ty), relative humidity (RH,), actual water vapor pressure (e,), and black-body radiation (¢,) at the surface for
the 6 standard atmospheres (see text). The last two lines give cloudless irradiance ($yopy) and emittance (e, =
Propr’Py) calculated by MODTRAN.

" Tr MLS MLW SAS SAW USs

T, (K) 299.7 294.2 272.2 287.2 257.2 288.2

T, (K) 293.7 289.7 268.7 281.7 259.1 281.7

T, @) 287.7 285.2 265.2 276.3 255.9 275.2

T, (K) 295.0 289.9 268.6 282.8 254.6 276.6
RH; (%) 76 76 i 75 80 46
e, (hPa) 26.2 19.0 4.4 12.0 1.4 7.8
¢, (Wm?) 457 425 311 386 248 391
Dropr(Wm?) 392 348 223 299 174 286

& 0.857 0.818 0.718 0.776 0.701 0.732

25 257p)
~_ 5
€ 20 20
~ = ]
~ ]
w7 157
O . ]
o . _'
!:10: 10:
. ]
< °3 -
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Fig. 4.1 Temperature profiles of the 6 standard atmospheres in the MODTRAN package.

G. Czeplak, DWD Hamburg, kindly supplied longwave atmospheric irradiance data recorded with
a Schulze radiation balance meter and simultaneous radiosoundings for 24 cloudless cases at Schleswig
(54°30° N, 9°50’ E). These 24 cases comprise 10 winter nights, 4 winter days, 6 summer nights, and
4 summer days. The winter cases are characterized by a 1 km thick temperature inversion of 5K/km

(Fig. 4.3a) with high relative humidity (70-80%) at the surface, decreasing rapidly with altitude to
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Fig. 4.2 Temperature profiles of the Tropical, the SAS and the modified SAW (-5K/km from 0 to 1 km altitude)
atmospheres and of two hot atmospheres (Tropical +20K/+30K), two cold atmospheres (modified SAW -40K/
-50K), and two atmospheres (modified SAW + 20K, dashed curves) with a 1km deep 15K/km inversion.
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Fig. 4.3 Profiles of temperature (a), dew point (b), and relative humidity (c and d) within the lowest 2 km of
the 6 standard atmospheres (Tr, MLS, MLW, SAS, SAW, and US) and of the average of, respectively, 10 winter
nights (W,), 4 winter days (W,), 6 summer nights (S,), and 4 summer days (S,) under cloudless sky at Schleswig,

Germany.
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20% at 1.5-2 km (Fig. 4.3c). At the summer nights more shallow (200-300 m) and stronger (15K/km)
inversions prevail, with a similar, but not that strong humidity decrease with altitude (from 90% at
the surface to about 50% at 1.5-2 km). The summer days are characterized by a shallow (= 100 m)
surface layer with a temperature gradient of -25K/km, and the relative humidity varies from 50% at
surface to 30% at 2 km. Except right at the surface and during the summer nights, Fig. 4.3 shows
that the atmosphere at Schleswig may have even lower relative humidity than the dry US atmosphere.
At altitudes above some 15-20 km, where sounding data are missing, the air temperatures and dew
points of the US Standard Atmosphere are used. Data other than temperature and dew point are also
taken from the US Standard Atmosphere.

4.2.2 The profile-based model (MODTRAN).

The MODTRAN model (Berk et al 1989) of the Phillips Laboratory/Geophysics Directorate, formerly
the Air Force Geophysics Laboratory, is a 2 cm™ resolution version of LOWTRAN 7 (Kneizys et al
1988). The absorption by atmospheric molecules are treated as a function of temperature and pressure
for the following species: water vapor, carbon dioxide, ozone, nitrous oxide, carbon monoxide, meth-
ane, diatomic oxygen, nitric oxide, sulphur dioxide, nitrogen dioxide, ammonia, nitric acid, and
diatomic nitrogen. Atmospheric aerosol and clouds are also accounted for in a detailed manner. In

this report, MODTRAN was run without multiple scattering.

MODTRAN calculates spectral radiances. Irradiances (3-100 pym) may be obtained by weighting
radiances from selected zenith angles 6, as outlined by Stamnes et al (1988). For all 6 standard atmos-
pheres it turned out that irradiances based on 20 different 6, differed by less than 1% from those
based on one single 6, (53°), and by less than 0.4% from those based on three 6,. In this paper, we
take the radiances at 6, = 27.5°, 60°, and 83.5°, multiply them by 27 cosf,, and subsequently add
them with the weights 0.2778, 0.4444, and 0.2778, respectively.

The irradiance at the surface strongly depends on the boundary layer temperature and humidity profi-
les. MODTRAN was therefore run both with the original vertical resolution (0 km, 1 km, 2 km, ...),
and with three additional levels (0.125, 0.25, and 0.5 km) within the lowest km. For all 6
atmospheres, except the SAW atmosphere, the irradiance increased when using these additional levels
(Tr; +2.4%, MLS: +1.7%, MLW: +1.3%, SAS: +2.1%, SAW: -0.1%, US +2.5%). Negligible
changes were obtained by using additional levels. The lowest km was therefore resolved by a (0.0,

0.125, 0.25, 0.5, 1.0 km) grid in our MODTRAN runs.
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MODTRAN offers different aerosol models for different atmospheric layers. The introduction of
"background" tropospheric and stratospheric aerosol above 2 km altitude, and rural aerosol with 23
km surface visibility below 2 km, yielded a moderate irradiance increase compared to the aerosol-free
case (Tr: +0.5%, MLS: +0.6%, MLW: +1.3%, SAS: +0.9%, SAW: +1.5%, US +1.1%). Rural
aerosol with 5 km surface visibility below 2 km altitude, yielded a threefold larger irradiance
increase. Unless otherwise noted, in this work MODTRAN is run with rural aerosol and 23 km
surface visibility below 2 km and "background" aerosol above. For the lowest 2 km, this yields
spectral aerosol optical depths of 0.235 and 0.016 at 0.5 pm and 11 pm, respectively. 5 km surface
visibility yields spectral optical depths 1.20 and 0.080, i. e. a very heavy aerosol loading.

4.2.3 Surface-based formulae

The simple formulae (Table 4.2) are chosen from those listed in Chapter 2. These formulae require
surface air temperature and humidity, and cloud cover as input, and they implicitly rely on some
average empirical relation between the surface air temperature and the temperature of the air layers

contributing the major part of the irradiance at the surface.

The Swinbank (1963) formula was chosen to exemplify differences between surface-based formulae
and MODTRAN, caused by temperature gradients deviating from the average. For this purpose, the
dry bulb temperature of each of the six standard atmospheres was modified by an amount decreasing
linearly from 7K at the surface to OK at altitudes Ah equal to 0.125, 0.25, 0.5, and 1 km (Fig. 4.4).
The relative humidity was not changed. The difference A of the irradiance under the original and
under the modified atmosphere was then calculated by MODTRAN and by the Swinbank formula for
each of the 6 atmospheres. Fig. 4.5 shows the resulting ratios A, ,pz/Ay,, and the following equation

may be taken as an average for the 6 atmospheres:

_ A

MODTR _ ¢ _ _ A_ho.s ’ 4.1)
A, expl (h*) 1

where . = 1.56 km. Assuming that the Swinbank formula most adequately applies to a slightly stable
boundary layer (-5K/km), we propose an interpolation formula to correct for boundary layers devi-

ating significantly from this "normal" boundary layer gradient:

¢Sw(Ts’Ar~z’rA) = rA ¢SW(TS‘) ¥ (l_rA) ¢SW(TS+AT$‘) * (42)

T, is the observed surface air temperature, and the boundary layer temperature gradient deviation is
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Table 4.2 Simple cloudless sky and cloudy sky formulae and the corresponding equation number in Chapter 2.

Model Abbrev. Cloudless (Eqn) Cloudy (Egn)

Temperature-dependent formulae

Swinbank (1963) Sw (2.2)

Schieldrup-Paulsen (1967) S-P (2.3) -
Idso & Jackson (1969) 1&J (2.4) =
Unsworth & Monteith (1975) U&M (2.5) (2.25)
Cole (1979) COLE (2.6) (2.26)
Llebot & Jorge (1984) LL&J 2.7 -
Ineichen et al (1984) IN (2.30a) (2.30Db)
Czeplak & Kasten (1986) C&K (2.8) (2.28)

Temperature/humidity-dependent formulae

Angstrom (1915) A (2.9) -
Brunt (1932) BRUNT (2.10) -
Bolz (1949) BOLZ - (2.24)
Efimova (1961, see Budyko, 1974) E 2.11) -
Marshunova (1966, see Shine and Crane, 1984) M (2.12) -
Staley & Jurica (1972) Sé&J (2.13) -
Feussner (1973) F (2.14) -
Brutsaert (1975) Bruts (2.15) -
Clark & Allen (1978) C&A (2.16) -
Satterlund (1979) S (2.17) 5
Idso, (1981a) I, (2.18) -
Idso, (1981b) L (2.19) -
Centeno (1982) € (2.22) (2.27)
Berdahl & Fromberg (1982, night & day) B&Fr (2.20) -
Frank & Piintener (1986) F&P (2.21) (2.28)

Berdahl & Martin (1984) + Martin & Berdahl (1984) B&M (2.23) (2.29)
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Fig. 4.4 Unmodified temperature profiles of the Tropical and the Subarctic Winter atmospheres. Inserted: four
different modified profiles in the boundary layer, where the modifications decrease from 7 K at the surface to
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Fig. 4.5 Ratios r, for each of the 6 standard atmospheres, plotted against the thickness Ah of the temperature-
adjusted layer. See eqn (4.1) and text for further details.

specified in terms of AT, and Ak, where AT, is the surface air temperature adjustment resulting if a

bottom inversion or a superadiabatic layer below an altitude Ak is replaced by a "normally" stratified

layer (-5K/km). The Swinbank irradiances (¢g,) on the right hand side of eqn (4.2) are obtained by

using Swinbanks formula for the respective temperatures, and r, is obtained from eqn (4.1).
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Note that r, and eqn (4.2) are neither sensitive to the choice of -5K/km as the "normal" boundary
layer gradient nor to the choice of the Swinbank formula as example. Thus, for the SAW atmosphere,
the above Swinbank ratio r, is the median among the corresponding ratios for the 23 simple formulae
in Table 4.3, and the individual ratios are all (except for the Idso & Jackson formula) in the range
(1 £ 0.22) r,. Thus, eqns (4.1-4.2) can also be used with reasonable accuracy for simple formulae
other than the Swinbank formula, They should, however, not be used to correct formulae that
implicitly account for variations of the boundary layer temperature gradient. For example, the Idso
& Jackson (1969) and Llebot & Jorge (1984) formulae apparently imply a correlation between
temperature and temperature gradient, while the Berdahl & Fromberg (1982) and Berdahl & Martin

(1984) formulae express the effect of varying temperature gradient in terms of time of day.

4.3 RESULTS
4.3.1 Cloudless sky

MODTRAN was run for the 6 standard cloudless atmospheres. Irradiance and emittance ranged from
392 Wm? and 0.857 under the Tropical atmosphere to 174 Wm? and 0.701 under the SAW atmos-
phere (Table 4.1). MODTRAN was also run in the aerosol-free mode. These results nicely fit the
average of 38 profile-based models (Ellingson et al 1991), and the standard deviations for these

models reveal a high degree of consistency between such models (Fig. 4.6a).

Irradiances under the 6 standard atmospheres were also calculated with the help of the 23 surface-
based formulae in Table 4.2. Note that in the formulae with diurnal variation (Berdahl & Fromberg
and Berdahl & Martin), the average for noon and midnight was used. Bias errors of irradiance and
emittance are given in Table 4.3a-b. For each of the 6 standard atmospheres, the Mean Bias Errors
(MBE) and standard deviations of the temperature-dependent and of the temperature/humidity-
dependent formulae are plotted separately (Fig. 4.6b-c). These MBEs cover a wider range than the
differences between profile-based models (Fig. 4.6a). Moreover, the MBEs of the temperature-

dependent formulae cover a somewhat wider range than the MBEs of the temperature/humidity-

dependent formulae.

To elucidate the relationship between emittance and temperature/humidity, MODTRAN and the simple
formulae were applied to the temperature profiles in Fig. 4.2. These 9 atmospheres were run with

the following humidity modifications: 20, 60 or 100% relative humidity between the surface and 10
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Table 4.3a Differences A¢=s,muPuoprran (Wm?) of the irradiance estimated by the cloudless formulae in
Table 4.2 (pppmu,) and by MODTRAN (yopraan), for the 6 standard atmospheres. Mean bias (MBE) and rooi-
mean-square (RMSE) errors (or differences) for each formula are given. MBE is also given for each atmosphere.

| || Tr MLS | MLW SAS SAW us ﬂ MBE | RMSE
Temperature-dependent formulae
Sw -7 -3 12
1&] -4 -1 12
C&K 15 16 19
U&M -26 -16 -12 19
LL&J -40 -31 10 -12 11 5 22
S-P -12 3 26 17 19 35 21
COLE -39 -22 -6 -8 31 10 23
IN -37 -25 -14 -16 -28 3 23
MBE -19 -10 1 2 -9 17 | -4

B&M 3 -10 2 -17 0 8
B&Fr 8 -4 7 -20 9 10
F&P 9 1 9 -15 13 10
Bruts 9 -9 5 -28 3 13
C -17 2 -8 -9 1 14
E 9 16 11 13 21 14
C&A 6 18 15 8 26 15
S 13 14 17 0 26 15
BRUNT -6 -19 -12 26 -12 15
A -24 -13 -16 -16 -10 21
I, 28 15 22 7 21 23
F 24 22 28 2 36 24
M 30 18 26 7 30 25
I, 33 26 34 8 30 28
S&J 47 31 45 10 50 40
MBE 11 7 12 -5 16
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Table 4.3b Same as Table 4.3a, but for differences Ae=¢;,m,~€yoprran (10°).

“ Tr MLS MLW SAS SAW us " MBE | RMSE
Temperature-dependent formulae )

Sw -16 -7 -24 -4 -81 46 -14 40

jr.a) -8 -3 21 0 85 49 24 41
C&K 32 39 16 41 -46 90 29 49
U&M -57 -38 -40 24 -121 24 -43 61
LL&J -87 -73 32 -31 43 13 -17 53

S-P -27 8 83 43 76 88 45 62
COLE -85 -51 -20 21 -124 26 -46 67

IN -80 -58 -46 -40 -112 3 -47 66
MBE -41 -23 3 -5 -35 42 | -

7 -31 -4 -69 31
18 -12 17 -80 36
21 2 23 -60 31
20 -30 12 -112 49
-39 -7 20 -35 34
22 50 29 52 40
15 57 38 33 42
30 44 44 1 39
-15 -62 31 -104 53
57 43 -42 -63 55
67 47 56 27 56
56 69 73 7 62
70 57 67 28 64
78 82 88 31 .
111 99 116 38 102

27 21 31 -21
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Fig. 4.6 a) Differences (average irradiance from 38 profile-based models minus MODTRAN irradiance).
Curves: + one standard deviation of the individual predictions from the 38 models.

b-c) Mean values and standard deviations of the bias errors (Simple formula minus MODTRAN) of temperature-
dependent and temperature/humidity-dependent formulae.
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Fig. 4.7 a) Cloudless emittances e, predicted by MODTRAN for 100, 60, 20% relative humidity below 1 0 km,
and for a waterfree atmosphere (short dashes: inversion-free cases; long dashes. inversion cases). Predictions
by the Swinbank and Czeplak & Kasten formulae (unbroken curves), and by the adjusted Swinbank formula
(open squares). See text and Fig. 4.2 for further details.

b) Predictions by 6 different temperature-dependent formulae and the 0, 20, and 100% MODTRAN curves from

Fig. 4.7a).
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km altitude (and original relative humidities above), or even with zero humidity throughout. Note that
all the 7 inversion-free atmospheres have -5 to -6K/km temperature gradient in the lowest km which

is regarded as a fairly "normal" stratification.

The substantial greenhouse effect of water vapor is obvious in Fig. 4.7a where the MODTRAN
curves for inversion-free cases are drawn by cubic spline interpolation. Over the surface air tempera-
ture range 214 to 330K, the vapor-free emittances (MODTRAN) under the inversion-free atmospheres
are only 0.19-0.25, while the saturated atmospheres have emittances 0.42-0.99. Over the same tempe-
rature range, and humidities ranging from 20 to 100%, the temperature/humidity-dependent formulae
yield emittances 0.25-1.65, while MODTRAN predicts 0.31-0.99 (Figs. 4.8-4.9). Among the three
temperature/humidity-dependent formulae with the lowest MBEs and RMSEs (Table 4.3), those which
express ¢, as a linear function of dew point temperature fit the inversion-free MODTRAN predictions
nicely for both 20% and 100% relative humidity (Figs. 4.8a-4.9a). These linear emittance formulae
adequately reflect the physics of cloudfree atmospheres with "normal" boundary layer stratification.
The remaining formulae (Figs. 4.8-4.9) deviate from MODTRAN predictions more than the above-

mentioned formulae, but their response to humidity variations is similar to that of MODTRAN.

The humidity-dependency of ¢, revealed by the inversion-free atmospheres in Fig. 4.2, is corrobo-
rated even by the unmodified standard atmospheres, and the two linear ¢, vs. dew point formulae fit
the overall inversion-free picture very well (Fig. 4.10). Fig. 4.6b-c shows that for the SAS and the
US atmospheres which have approximately equal surface air temperatures, the MBE of the
temperature-dependent formulae increases from the SAS to the dry US atmosphere, while the MBE
of the temperature/humidity-dependent formulae remains unchanged. This adequate response of the
latter formulae to humidity variations is also exemplified in Fig. 4.11 which shows that only the
temperature/humidity-dependent Berdahl & Martin formula predicts the same low ¢, for the dry US
atmosphere as MODTRAN does, while the temperature-dependent formulae (Swinbank, Idso &
Jackson) predict markedly higher ¢,. Similarly, Culf & Gash (1993) report that, relative to observa-
tions in the Sahel desert region, the MBEs change significantly from the dry to the wet season for
temperature-dependent formulae (Swinbank, Idso & Jackson), but remain comparatively unchanged
for temperature/humidity-dependent formulae (Satterlund, Brunt, Brutsaert). In particular, the
temperature-dependent formulae (Swinbank, Idso & Jackson) significantly exceed observations during
the Sahel dry season (relative humidity = 20%) while they reasonably well fit observations during
the wet season (relative humidity = 90%), thus corroborating the particularly strong dependency on

humidity of ¢, at high temperatures (Fig. 4.7a).
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Fig. 4.8 MODTRAN predictions for 20% relative humidity (Fig. 4.7, short dashes), and predictions from 15
temperature/humidity-dependent formulae (Table 4.2, long dashes or unbroken curves), plotted against surface
air temperature.

The scatter between temperature-dependent formulae (Fig. 4.7) is least at intermediate temperatures;
probably most of the data which the formulae are derived from, have been taken at these
temperatures. The Swinbank and the Czeplak & Kasten formulae reasonably well fit the inversion-free
MODTRAN predictions for some 60 and 90-100% relative humidity, respectively, over the entire
temperature range (Fig. 4.7a). It thus appears that these formulae adequately reflect the radiation
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Fig. 4.9 Same as Fig. 4.8, but for 100% relative humidity (temperature = dew point temperature).

physics of cloudless, "normally" stratified, and not too dry atmospheres. Note, however, that these

formulae significantly overestimate €, under dry and extremely hot atmospheres (desert conditions).

The remaining temperature-dependent formulae deviate from MODTRAN predictions more than these

two formulae (Fig. 4.7).
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Fig. 4.10 Cloudless emittances €, under the 6 standard atmospheres and under the 27 atmospheres from Fig.
4.2 (9 atmospheres and three humidities), plotted against dewpoint temperature. Inversion cases
(Fig. 4.2) are plotted as filled symbols, the three formulae from Fig. 4.9a are plotted as curves.

Some of the simple surface-based formulae exceed the inversion-free saturated MODTRAN prediction
at low temperatures (Figs. 4.7, 4.9, 4.10), and this fact deserves some comments. The simple
formulae are biased towards some average temperature and humidity decrease with increasing altitude
in the boundary layer, while MODTRAN explicitly accounts for deviations from such average boun-
dary layer gradients. The modified SAW , the MLW and the SAW atmospheres have 70 - 80% rela-
tive humidity and -5.0, -3.5, and 2.0 (inversion) K/km temperature gradient in the lowest km, and
are thus examples of such deviations in boundary layer gradients. The MODTRAN emittance exceeds
those from the Swinbank and Berdahl & Martin formulae (Fig. 4.11), most in the inversion case
(SAW) and least (negligibly) in the "normally" stratified case (modified SAW). The Idso & Jackson
(1969) formula, for example, predicts increasing ¢, with temperatures decreasing below 0°C. These
authors ascribe this finding to the conversion of water vapor into ice crystals, and they found empi-
rical support for their assumption by observations at Point Barrow, Alaska. An equally probable
explanation may be a positive correlation between low temperature and temperature inversion in
continental high latitude regions. The MODTRAN predictions (Fig. 4.7a) for the two inversion
profiles in Fig. 4.2 demonstrate that inversions can explain a quite considerable increase of the

emittance. Note also that our modified Swinbank formula (eqns 4.1 and 4.2), developed from the
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Fig. 4.11 Emittances ¢, predicted by MODTRAN and the Berdahl & Martin formula (symbols) and by the
Swinbank and the Idso & Jackson formulae (curves) for 7 atmospheres (from left to right): SAW, adjusted SAW
(see text), MLW, SAS, US, MLS, and Tr.
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Fig. 4.12 Emittances e, predicted by the Swinbank formula (curve) and by MODTRAN (symbols) for summer
days (S,), summer nights (S,), winter days (W,), and winter nights (W,) at Schleswig, Germany.

standard atmospheres, reasonably well fit the MODTRAN predictions for the cold atmospheres with
inversion (Fig. 4.7a). Emittances modelled from the Schleswig soundings (Fig. 4.12), however, show
that the diurnal variation of the boundary layer temperature gradient explains a wide range of differen-
ces of a profile-based model (MODTRAN) and a surface-based formula (Swinbarnk) even during warm

summer months.



Emittances were estimated from the Schleswig soundings By MODTRAN, the Berdahl & Martin
formula, the Swinbank formula and the Swinbank formula adjusted for boundary layer gradient
according to eqns (4.1) and (4.2). The observed ¢, and those predicted by the three simple formulae
are plotted against MODTRAN predictions in Fig. 4.13, while ¢, predicted by MODTRAN and the

three simple formulae are plotted against observations in Fig. 4.14. The emittance pairs in Fig. 4.14
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are finally plotted as irradiance pairs in Fig. 4.15.

Fig. 4.13 Observed emittances ¢, and predictions from the Berdahl & Martin, the Swinbank, ana.‘ rhg adjusted
(see text) Swinbank formulae, plotted against MODTRAN predictions (same data and symbols as in Fig. 4.12).
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Plots against both MODTRAN predictions (Fig. 4.13b-d) and observations (Fig. 4.14b-d) show most
scatter for the Swinbank formula and least scatter for the adjusted Swinbank formula. This again
demonstrates the effect of variations of the boundary layer temperature gradient. To exemplify the
effect of humidity profile variations, MODTRAN was run for the two standard winter atmospheres
with relative humidity profiles similar to the winter cases at Schleswig (Figs. 4.3c-d). This humidity
decrease aloft reduced ¢, by 0.035 (MLW) and 0.044 (SAW), which is less than the modelled effect

of diurnal temperature gradient variations in summer at Schleswig (Fig. 4.12).
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Fig. 4.14 Same Fig. 4.13, but: Emittances e, predicted by MODTRAN, and by the Berdahl & Martin, the
Swinbank, and the adjusted Swinbank formulae, plotted against observed e,
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Fig. 4.15 Same as Fig. 4.13, but: Irradiances predicted by MODTRAN, and by the Berdahl & Martin, the
Swinbank, and the adjusted Swinbank formulae, plotted against observations.

21 of 24 observed emittances in Fig. 4.13 are higher than the corresponding MODTRAN predictions.
The mean differences are 29, 14, 8, and 20 Wm? for, respectively, summer days, winter days,
summer nigths and winter nigths (Table 4.4). This observed excess exceeds the typical differences
between MODTRAN and other profile-based formulae (Fig. 4.6a, note that MODTRAN exceeds the
average of these models). The excess has therefore to be explained either by MODTRAN deficiencies
shared by other profile-based models, or by faults of the cloudless data. The overall mean bias, 18
Wm2, was reduced to 8 Wm? by decreasing the surface visibility from 23 to 5 km in the rural aerosol
below 2 km altitude (Table 4.4). That is, even such a heavy aerosol loading does not remove the
observed excess. However, while aerosol particles of radius 0.1-1 um are the optically most effective

in the solar spectrum, particles of radius 1-10 um are of greatest importance in the thermal infrared
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spectral range (Houghton 1985). The observed excess may thus be due to the existence of more such large
particles than implied by the MODTRAN aerosol model. Unnoticed cirrus clouds may be the reason, since

the diagnosis "cloudless" is based on routine visual observations.

Table 4.4 Left: Observed cloudless irradiances (Wm?) at Schleswig, together with irradiances calculated by
MODTRAN, the original and the adjusted (see text) Swinbank formula, and the Berdahl & Martin formula. Data are
given as averages for summer days (S,), summer nights (S,), winter days (W,), winter nights (W,), and overall (Ave).
Right: Calculated irradiances for the 6 standard atmospheres.

Standard atmospheres

Schleswig data

348

392 348 223 299 174 286
397 355 232 307 182 296
385 344 216 298 154 304

MODTR 319 309 224
MODTR’ 329 317 234
Sw 360 290 221
SW,4; 347 319 243

381 346 219 297 165 300

B&M 335 305 212 397 351 213 297 157 286

" surface visibility 5 km

The relation between observed irradiances and MODTRAN predictions is studied also with more extensive
data. Czeplak (1994, Tabs. 3.4a and 3.5a, Chapter 3 in this report) summarizes observations from cloudless
winter and summer cases at 15 European and North American stations, 7 of which were equipped with
Schulze radiometers and 8 with Eppley pyrgeometers. These data cannot be directly compared to
MODTRAN predictions, however, since sounding data are not available for the vast majority of cases.
Instead, we compare average observations under real atmospheres (15 stations) to average MODTRAN
predictions under selected standard atmospheres, and we use each one of the simple formulae to correct for

irradiance differences caused by differences between the real and the standard atmospheres:

(D pserved ~ Putopraw) = Popservea ~ ¢famua) ~ (noprran ~ ¢ﬁm) “3)

* * * *

® (q)oburmd_d)ﬂmuda) - (¢Momm‘¢fom1a) = (‘bgmgm“%oom) - (¢f,,m;a‘¢fom;a) .

B opservea 18 ODserved irradiance, ¢yoprray is the MODTRAN prediction, and @y, is the prediction from one
single simple formula (¢ and ¢ are irradiances under the real and the standard atmospheres, respectively).

Under the assumption (®yoprran = Prormu) = (9" vioprran - @ formua) We thus obtain, for each simple formula,

one estimate of the unknown difference (¢ pmes - Puopmay) 10 terms of the two known differences
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(Bovserved = Ppormuia) A0 (D ssop1RAN - D jormus)- Reading these estimated (bopsenes - Pronrran) @S Vertical distances
between individual points and the 1:1 line in Fig. 4.16, we see that average observations appear to be some
10-15 Wm™? higher relative to MODTRAN predictions in summer than in winter (independently of

radiometer type).
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Fig. 4.16 Irradiance differences (@semes - $omus) Under real atmospheres plotted vs differences (& yopmay = 9 orma)
under standard atmospheres. e refers to Schulze radiometers and Eppley pyrgeometers under real winter and
summer atmospheres. & yopma Tefers to MODTRAN predictions averaged over the SAW and MLW atmospheres (winter)
and over the four remaining standard armospheres (summer). Each point refers to one single simple formula ()

The seasonal trend in Fig. 4.16, however, is not corroborated by the Schleswig data (Fig. 4.3), and may
be an artifact arising from the assumption (¢yopmray = Promuia) = (¢ wopmran = @ formas)- The accuracy of this
approximation is affected differently in summer and winter, if the seasonal variation in boundary layer
stratification differs between the real and the standard atmospheres. The potential effect of boundary layer
temperature stratification may be exemplified with reference to the nomenclature of eqn (4.2): Given an
inversion with T, = 280K, AT, = 8K and Ak = 0.1 - 0.3km, eqn (4.2) yields O(T,AT,,ry) = 1.13 ¢, (T).
While MODTRAN explicitly accounts for any boundary layer stratification, a simple formula which is
adequate for "normally" stratified boundary layers, thus needs to be multiplied by 1.13 to account for this
particular inversion case. Average nighttime (relative to daytime) and wintertime (relative to summertime)
empirical correction factors of that order are in fact found at Braunschweig and Edmonton (Czeplak 1994,
Table 3.6, Chapter 3 in this report). These examples are, however, extreme. The average (13 stations) night
versus day empirical factor (1.05) is close to the factor 1.03-1.04 predicted by the Berdahl & Martin (1984)
formula, and the average winter versus summer factor is 1.035. Finally, it should be noted that the above
summer versus winter contrast is a small fraction of the corresponding solar irradiance difference, which

in one way or the other is removed (with limited accuracy) from the recorded signal.
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As a summer/winter average taken over the 22 simple models, the cloudless Schulze observations exceed
MODTRAN predictions by only 8 Wm™? (or less than half the average excess observed at Schleswig), while
the cloudless Eppley observations are 1 Wm™ lower than the MODTRAN predictions. Ignoring this moderate
difference between radiometer types yields an overall average excess of 4 Wm? which is of the same order
as the typical differences between MODTRAN and other profile-based models (Fig. 4.6a). It thus appears
that average observed irradiances under cloudless skies are nicely corroborated by MODTRAN and other

profile-based models.

Fig. 4.17 shows the same differences as Fig. 4.16, but averages are taken over summer/winter and over
radiometer types. It is seen that the two temperature/humidity-dependent formulae (Berdahl & Fromberg,
Frank & Piintener) which fit MODTRAN best over the entire climatic range of Figs 4.8-4.10, are also the
formulae which are closest to the origin in Fig. 4.17. That is: On top of fitting MODTRAN best over an
extremely wide range of "normally" stratified synthetic atmospheres, these two formulae are also closest to
average observations as well as MODTRAN predictions at 15 European and North American stations. Also
the two temperature-dependent formulae (Swinbank, Czeplak & Kasten) which fit MODTRAN well over a
wide range of not too dry synthetic atmospheres (Fig. 4.7), are reasonably close to the origin in Fig. 4.17.
Both empirical evidence as well as theoretical analysis thus strongly support these four formulae, and both

rank the temperature/humidity-dependent formulae higher than the solely temperature-dependent formulae.
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Fig. 4.17 Same as Fig. 4.16, but for differences averaged over summer/winter and over radiometer types. The square
around origin indicates +5 Wm? on both axes. The points corresponding io the formulae of Swinbank, Berdahl &

Fromberg, Frank & Pintener, and Czeplak & Kasten are marked.
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4.3.2 Cloudy sky

Clouds account for a major part of the variation in longwave atmospheric irradiance at the earth’s surface.
Air temperature normally decreases upwards and, compared to the cloudless atmosphere, clouds have a high
emittance within the atmospheric spectral "window". Clouds therefore increase the atmospheric emittance
¢ beyond its cloudless value ¢,, sometimes even slightly beyond unity. The cloud formulae presented in
Chapter 2 implicitly express this increase of emittance either as (e - ), or as (e - €)/e; or as (e - €)/(1 - &).
Although any cloud formula is tuned to data in concert with a particular cloudless formula, the cloud

formulae are compared to MODTRAN without reference to any cloudless formulae in this paper.

MODTRAN was run with unbroken cover of optically dense (black) clouds with bases at 0.66, 2.4, 5 and
10 km in each of the six standard atmospheres and in a modified SAW atmosphere. In the latter case, the
relative humidity is preserved and the surface air temperature inversion is replaced by a gradient of -5K/km

in order to separate the effect of low temperatures from the effect of the temperature gradient.

For the model of Ineichen et al. (1984), ¢, was estimated by putting the beam solar irradiance I, = I, in

their eqn (4). Then the increase of the emittance under a cloudy sky was obtained from:

b, I, 5 T
€ - = 1- ; &, = 58 Wm™ for > 005,
oT* In,rm In,ma.x
4.4
/ 61 I
€ - € = % 1-—2|; ¢, =78 Wm™ for —— < 0.05 .
0T4 \ n,max / In,max

Cole (1979) expressed the increase of emittance in terms of surface air temperature 7, (°C) and fractional

cloud cover n:

t
[1+—‘] n; &, =65Wm?,t, = 468°C. 4.5)

MODTRAN predicts that (e - €;) under unbroken black clouds decreases with increasing cloud base height
(Fig. 4.18a). Since high clouds tend to be non-black, this trend is further strengthened in the real
atmosphere. Mainly because the maximum increase (= 1 - &) declines with increasing temperature, (e - €)
decreases also with increasing temperature. By putting /I, ,,, = 0 in the Ineichen et al. formula (4.4),
results reasonably close to MODTRAN predictions for low clouds are obtained. Moreover, (e - €p) decreases

with increasing beam irradiance (increasing cloud altitude and decreasing cloud emittance) and becomes zero
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Fig. 4.18 Emittance differences of overcast and cloudless sky:

a-c) Symbols correspond to € = 1 and to MODTRAN predictions for black cloud bases at given heights (key at top) in
7 atmospheres (from left): SAW, modified SAW, MLW, US, SAS, MLS, and Tropical. The Ineichen (1984) formula ,
the Cole (1979) formula, the Bolz (1949) formula for different clouds (Ns, As, Cu, Ci), the Czeplak & Kasten (1987
and 1993) formula for low, medium high, and high clouds (a;,ay, ay), the Unsworth & Monteith (1 975) formula, and
the Centeno (1982) formula for 46 and 80% relative humidity, are plotted as broken lines.

d) The MODTRAN predictions from a-c), together with MODTRAN predictions for some additional cloud levels and
6 cases with cloud flux emittance ¢, = 0.21. The "host" atmospheres are specified by symbol key. Formula (4.10) is
drawn for three pairs (AT, ¢.): (46K, 1; Martin & Berdahl 1984), (38K, 1), and (38K, 0.21).

for I/I, .. = 1, in qualitatively the same way as indicated by the MODTRAN predictions. This formula thus
appears to adequately reflect the physics of the overcast case. Cole’s formula (4.5) is, however, independent

of cloud base height, and it predicts an increase of (e - €;) with increasing temperature. In fact, (e - €)
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exceeds (1 - ¢y) beyond some 290K. We therefore recommend not to use formula (4.5) with other data, al-

though it may fit the particular data which it was developed from.

Bolz (1949) expressed the increase of emittance in terms of cloud type and fractional cloud cover:

7% kg, 4.6)

€

where k depends on cloud type only, as plotted in Fig. 4.18b.

Czeplak & Kasten (1987) and Czeplak (1993) generalized the Bolz formula by adjusting the cloud type

factors and also allowing for clouds at different levels:

€ - &

=[1 +a, n* +ay, (1 -n) n,™
€ 4.7

vay (1 -n)1 -m)n"1 ,
where the cloud type factors ay, ay, and a; decrease with increasing temperature (Fig. 4.17b).

Since ¢, increases with increasing surface air temperature, (e - )/, varies with temperature more than

(¢ - &) does (Fig. 4.18a-b). Allowing for non-black real cirrus clouds at 5 or 10 km altitude, the Bolz
formula fits MODTRAN reasonably well at some 290K. Its lack of temperature dependency yields, however,
too low (too high) emittance increase at lower (higher) temperatures. The Czeplak & Kasten formula yields
the same cloud type and temperature dependency as MODTRAN does. However, even without the effect
of non-black cirrus emittances, MODTRAN predicts a substantially greater difference between low and high
clouds than the Czeplak & Kasten formula does. In particular, compared to MODTRAN, the Czeplak & Ka-
sten formula underestimates the increase of emittance caused by low clouds at high temperatures while it

overestimates the increase caused by high clouds at low temperatures.

Unsworth & Monteith (1975) expressed the increase of emittance in terms of fractional cloud cover:

o 0.84 n . 4.8)

This formula implies that any unbroken cloud cover compensates 84 % of the cloudless radiation loss from
a horizontal surface at air temperature. Similarly, Centeno (1982) expressed the emittance increase as a

fraction of the difference between an average overcast emittance (¢;) and the cloudless emittance (&):
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(e - ¢€)
hulul. A
(e, - &)
4
0.652 15
S [z_) [3] [RH] , #.9)
zZ, T |\ RH,

where z. = 2.28 km, T. = 3K, and RH. = 100%.

MODTRAN indicates that (¢ - €)/(1 - ¢,) has not the pronounced temperature dependency of (e - ¢)) and
(¢ - €)/e, (Figs 4.18a-c). Furthermore, the runs with the surface air temperature inversion removed from
the SAW atmosphere indicate that most of the remaining weak temperature dependency derives from gradient

differences rather than from temperature differences (Fig. 4.18c).

Except for the SAW atmosphere, the Unsworth & Monteith formula (4.8) yields an emittance increase
reasonably well in accordance with MODTRAN predictions for black cloud bases at some 1 - 2 km altitude,
which is probably a fairly adequate average for overcast cases. The temperature inversion in the SAW
atmosphere causes low clouds to produce a slightly higher increase of emittance than that predicted by
formula (4.8). Over the range of surface relative humidities encountered in the 6 MODTRAN atmospheres,
the Centeno formula (4.9) is fairly consistent with MODTRAN predictions for black cloud bases at some
2 - 5 km altitude. The Centeno formula however, has a strong relative humidity dependency which yields
overcast emittances below the cloudless ones for humidities below some 20%. This finding is markedly
inconsistent with MODTRAN predictions and indicates that the Centeno formula does not adequately reflect
the physics of the overcast case. Although it may fit the particular data from which it was developed, we

recommend not to use formula (4.9) with other data.

Martin & Berdahl (1984) expressed the increase of emittance in terms of the fractional cloud cover #, the
cloud emittance e, (10-12 pym), and the temperature difference AT, = Ty = Toioud pase:

(E—_-e—o)=necex—£=necex e 5 4.10)
d - <) AT, AT,

where AT, = 46K, and AT, =- vz, is given by the cloud base height z, and the average subcloud temperature
gradient + (taken to be -5.6K/km by Martin & Berdahl). Moreover, Martin & Berdahl put ¢, equal to unity

for low and medium high clouds, while cirrus emittance decreases with altitude according to an empirical

linear relation.
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Formula (4.10) convincingly fits the MODTRAN black cloud predictions over a wide range of surface air
temperature and humidity, vertical temperature and humidity gradients, and cloud base height (Fig. 4.18d).
Moreover, MODTRAN confirms that the emittance increase caused by non-black clouds is almost exactly
proportional to e, (10-12 gm), as specified in (4.10). However, most probably because we used the more
recent MODTRAN version, our runs fit formula (4.10) with AT, = 38K rather than 46K as found by Martin
& Berdahl who used an earlier LOWTRAN version.

Of the formulae discussed above, the Martin & Berdahl formula (4.10) is obviously the one which most
explicitly reflects the physics of the overcast case. This means that phrasing the increase of emittance as

(€ - €9)/(1 - €;) makes any input parameter irrelevant unless it implies information on ¢, and AT,. The recom-
mended strategy which ensures results with reasonable accuracy, is therefore to estimate ¢, and AT, from
cloud base height (from observations, climatology or empirical rules). Surface air temperature and humidity,
which strongly affect e,, should be avoided as input parameters, since they imply site-specific information

on ¢, and AT, .

The above formulae imply that the increase of emittance, caused by a fractional cloud cover n, is
proportional to n® with « ranging from 1 to 3. MODTRAN cannot be used to test these o values since it has
no option for partial cloudiness. From evidence presented by Czeplak & Kasten (1987) and others, it appears
that o is in the range 2 - 3 rather than close to unity. However, since « is irrelevant for n = 0 and n =

1, which comprise the majority of all cases, the choice of « is not very critical.

4.4 CONCLUSIONS

Surface-based formulae for longwave atmospheric irradiance at the earth surface have often to be tuned to
observations from a limited climatic range. In such cases, a profile-based model like MODTRAN may be
used to evaluate formulae, or as a guide for designing formulae which may be used outside the climatic

range they were developed for, with minimum probability of being greatly in error.

MODTRAN predictions nicely fit the average of 38 profile-based models, and the degree of consistency
between such models is high. Indirect evidence, based on data from 15 European and North American sta-
tions, indicate that average observed irradiances and MODTRAN predictions agree within some 5 Wm?

under cloudless sky with, if any, a slight tendency of observed irradiances exceeding MODTRAN

predictions.
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Both empirical evidence as well as theoretical analysis strongly suggest that four of the 23 simple formulae
are particularly adequate in the case of "normally" stratified boundary layers: Over a wide range of tempera-
tures, the Swinbank (1963) and Czeplak & Kasten (1987) formulae which express the emittance ¢, as a
quadratic function of dry bulb temperature, adequately reflect the radiation physics of cloudfree and not too
dry atmospheres. Over a wide range of both tempertature and humidity, the Berdahl & Fromberg (1982) and
Frank & Puntener (1986) formulae which express the emittance ¢, as a linear function of dew point

temperature, are even more adequate than the Swinbank and Czeplak & Kasten formulae.

Several empirical formulae apparently reflect frequent occurrence of temperature inversions at low
temperatures. For "abnormally" stratified atmospheres, a correction to empirical formulae based on surface
data is proposed. This correction requires summary information on the boundary layer temperature

stratification.

Clouds increase the atmospheric emittance e beyond its cloudless value €, but at most slightly beyond unity.
This increase of emittance is most adequately phrased as (e - €,)/(1 - ¢)), i.e., as the fractional reduction of
the longwave atmospheric radiation loss from a horizontal surface at ambient temperature (Martin & Berdahl,
1984). This fraction is governed by fractional cloud cover, cloud emittance, and the surface minus cloud
base temperature difference. Given these parameters, MODTRAN runs indicate that temperature, humidity

and cloud base height are irrelevant.
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5.1 INTRODUCTION

The spectral and angular distribution of atmospheric radiation affects radiative heating and cooling
at the earth’s surface. These distributions, governed by emission and absorption by a number of
atmospheric constituents at all levels, can be modelled if extensive input data and a sophisticated
model like MODTRAN (Kneizys et al 1988, Berk et al 1989) are available. Alternatively, the
spectral distribution may be derived from more "user-friendly" models requiring only surface

temperature and humidity as input.

The present paper compares spectral radiance data from the Negev desert with all wavelength
irradiance data, and with predictions modelled by MODTRAN and by the simple models of Berger
(1988) and Das & Igbal (1987).

5.2 SITE DESCRIPTION AND DATA

5.2.1 Site description

Radiation data are available at three sites in the Negev desert in Israel (Fig. 5.1). Sede Boger
(30.8°N, 34.8°E, 500 m above m.s.1.) is a small village and university campus within a sandy desert
area. Yotvata (29.8°N, 35.0°E, 50 m above m.s.l.) is a village situated within plantations in the
Jordan valley, 40 km north of the Red Sea, while Newe Zohar (31.2°N, 35.3°E, 350 m below m.s.1.)
lies directly at the southern shore of the Death Sea. The nearest radiosounding station is Bet Dagan

(32.0°N, 34.5°E, 0-100 m above m.s.1.), 9 km from the Mediterranean coast.

5.2.2 The spectrometer data

The PC-controlled IR-spectrometer was developed and built at the Fraunhofer Institute for Solar
Energy Systems (Brunold, 1989). As IR-detector a Golay-cell with chopper (7 Hz) was used. The
wavelength-selective element was a stepper-motor-controlled filter-wheel with an edge-filter. The
wavelength range extended from 4.25 to 15.86 ym, and the spectral resolution decreased slightly with
increasing wavelength, ranging from 0.06 pm (at 4.25 pm) to 0.16 um (at 15.86 um). The
wavelength uncertainty of the spectrometer is lower than 1.5%. Before the measurement of each

spectrum, the spectrometer was automatically calibrated against a spectrally grey reference-IR-emitter



110

Neve Zohar
Sede Boger

ISRAEL

Yotvata

0 50 km
VP08 PR, T

Fig. 5.1 Geographical map showing several sites in Israel.

of known emittance and temperature. The rectangular field of view of the spectrometer was 7° by 20°
and was directed to the zenith. When a spectrum was taken the intensities were measured at 257
wavelengths and 4 times at each wavelength-stop. It takes approximately 10 minutes to measure one
spectrum, and 43 spectrometer runs under cloudless sky after sunset, together with simultaneous

pyrgeometer readings, are available from the three stations in the Negev desert.

5.2.3 Radiosoundings

Only surface temperatures are available from Sede Boger, Yotvata and Newe Zohar, while Bet Dagan
is the nearest radiosounding station. Contrary to the two other stations, there are no mountains
between Bet Dagan and Sede Boger. Therefore, Sede Boger is regarded as the station being most
comparable to Bet Dagan, and the comparability is supposedly best when both stations have cloudless
sky. Among the available Bet Dagan soundings, gratefully received from A. Manes of the Israel
Meteorological Service, we therefore selected those 8 cases with one octa or less cloud amount at Bet
Dagan which deviated by less than one hour from a spectrometer run (under cloudless sky) at Sede

Boger.
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It is, however, still difficult to obtain vertical temperature profiles over Sede Boger (500 m above
m.s.l. and 75 km from the coastline) from radiosoundings over Bet Dagan, being 125 km away (0-
100 m above m.s.l. and 9 km from the coastline). Due to variable vertical subsidence, horizontal
advection, and diabatic heating, depending upon e.g. atmospheric static stability, large scale wind
speed/direction, and time of the year, the difference between the Bet Dagan and Sede Boger vertical
profiles certainly varies from day to day, even under cloudless sky. Given these problems, MOD-
TRAN was run with the observed Bet Dagan profiles for reference. To yield an estimate of the
corresponding temperature profiles over Sede Boger, the following very simple adjustment to the Bet
Dagan dew point and dry bulb temperature soundings were applied: The vertical extent of the dry
bulb temperature inversion layer was found from the sounding at Bet Dagan. An equally thick surface
inversion layer was assumed to exist at Sede Boger, within which the temperatures were assumed to
vary linearly between the observed surface (Sede Boger) temperatures at the bottom level and the top
level temperatures taken from the same altitude above sea level in the Bet Dagan sounding. The latter

adoption of unmodified Bet Dagan temperatures was applied to all levels above the inversion top.

5.3 RESULTS

5.3.1 All-wave irradiances

Hemispherical all-wave irradiances were obtained from the 43 spectrometer runs under the following

assumptions:

(1) Black body radiation at ambient air temperature outside the spectrometer’s range (4.25 - 15.86
pm). MODTRAN runs (Kneizys et al 1988) indicate that, under cloudless sky at these altitudes, this

assumption yields less than 1% too high hemispherical all-wave irradiances.

(2) Hemispherical all-wave irradiances ¢ are obtained by angular integration (Olseth & Skartveit,

1994, Chapter 4) of MODTRAN radiances, and related to zenith radiances L,_,. as follows:
b =1064 © Ly 5.1

Here 1.064 is the average for the 8 selected cloudless cases at Sede Boger. Actually, MODTRAN
runs for the 8 estimated soundings at Sede Boger, and for the 8 corresponding observed soundings
at Bet Dagan, yielded 16 individual factors in the range 1.055 - 1.066. Fig. 5.2 shows modelled

examples of the angular distribution of spectral radiance.
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Fig. 5.2 Radiances (multiplied by ) at four zenith angles (6), modelled by MODTRAN from one observed
sounding at Bet Dagan (left) and from the estimated Sede Boger profile (right). The corresponding observed
zenith radiances at Sede Boger are inserted for comparison, with the observed wavelengths increased by an
amount corresponding to 8 cm’.

These spectrometer irradiances are compared to irradiances estimated from Sede Boger profiles by
MODTRAN, and from surface data by the Berdahl & Martin (1984) and Swinbank (1963) formulae
(Fig. 5.3a-c), and also to the simultaneous pyrgeometer readings (Fig. 5.3d). It is noteworthy that
less scatter is seen between pyrgeometer and spectrometer irradiances (Fig. 5.3d) than between
spectrometer and modelled irradiances (Fig. 5.3a-c). This fact indicates that much of the scatter
between observed and modelled irradiances (Fig. 5.3a-c) is due to real irradiance variations, being

not picked up by the models, and is not due to e.g. random measurement €rrors.

The average spectrometer irradiance exceeds the average modelled irradiance by 14 - 16 W2, This
observed excess is intermediate between the 18 Wm? average excess (Schulze radiometer minus
MODTRAN) observed at Schleswig and the 4 Wm? average excess inferred from observations at 15
European and North American stations (Olseth & Skartveit 1994, Table 4.4 and Fig. 4.16, Chapter
4 in this report). This finding indicates that the spectrometer yields all-wave irradiances reasonably
close to the readings of all-wave radiometers in question. It is, however, contradicted by the 18 Wm?
average pyrgeometer vs. spectrometer deficit seen in Fig. 5.3d. The particular pyrgeometer applied
in Israel was recalibrated by Deutscher Wetterdienst, Meteorologisches Observatorium Hamburg
(Klaus Dehne, pers. comm.) in autumn 1993, and a responsivity 4.83 pV/Wm? (old : 4.61 pV/Wm?)
was found. The new responsivity would reduce the above pyrgeometer vs. spectrometer deficit from
18 to 14 Wm?2. Unfortunately, however, the thermopile signal was directly read during this

recalibration, while the recorded signal in the field includes the voltage from the battery powered
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Fig. 5.3 Abscissa: All-wave hemispherical irradiances derived from spectral zenith radiances observed at Sede

Boger, Newe Zohar, Yotvata, and Freiburg.
Ordinate: Corresponding irradiances predicted by MODTRAN (a), the Berdahl & Martin formula (b), the

Swinbank formula (c), and observed by pyrgeometer (d). The only outlier in Fig. 5.3d ( "unknown problems”
noted in the observation log) and the Freiburg case are omitted in the calculated averages given on the axes.

circuit which removes the substantial portion of the signal due to emission from the sensor surface.
The recalibration is therefore hardly conclusive in our case, and we are left with the fact that one

parallel run at Freiburg, Germany (Brunold 1989) of another pyrgeometer and the spectrometer did

not show a deficit (Fig. 5.3d).

At Sede Boger, the average surface air temperature drops from 18.4°C in the 4 evening cases to
14.4°C in the 4 midnight cases. This temperature drop causes the spectrometer and pyrgeometer

irradiances to drop, on the average, by 4.3 and 2.4%, respectively, in reasonable agreement with the
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corresponding 3.0% average drop of MODTRAN irradiance. The average Swinbank irradiance
however, drops by as much as 7.8% since this formula neglects the fact that the evening to midnight
temperature drop applies only to a shallow boundary layer, while the earth’s surface receives

irradiance from higher atmospheric layers which are less affected by surface cooling.

It is regarded as coincidental that the ratio 1.053 of average spectrometer and pyrgeometer irradiances
is close to the factor 1.064 by which we multiply the spectrometer zenith radiances to obtain

hemispherical irradiances in eqn (5.1).

5.3.2 Spectral zenith radiances

MODTRAN calculates molecular absorption in 1 cm™ spectral bins. It turned out that scanning these
MODTRAN spectra (Fig. 5.4a) with a triangular slit function of fixed half-width 0.06 pm yielded
spectra with a similar resolution as that of the spectrometer (Fig. 5.4b). Moreover, a spectral shift
between MODTRAN spectra and observed spectra (Fig. 5.4b), within the accuracy of the
spectrometer wavelength determination, is removed (Fig. 5.5) by increasing the observed wavelengths
by an amount corresponding to 8 cm’ (0.02 ym at 5 um and 0.2 pm at 16 pm). After this
adjustment, the observed spectra (Fig. 5.5) show detailed spectral conformity with MODTRAN
spectra, and they fall approximately between the spectra derived by MODTRAN from the observed

Bet Dagan profiles and from the estimated Sede Boger profiles, respectively.

06.10.88 01.20 106.10.88 01.20

Planck (14.6 °C) Planck (14.6 °C)
254 > P
a) ~

(7
Q
1

—— : Obs SB
- : MOD SB

4 8 8 10 12 14 16 4 6 g8 10 12 14 18
WAVELENGTH ( xm ) WAVELENGTH ( um )

SPECTRAL IRRADIANCE (Wm™ nm™")

Fig. 5.4 Sede Boger data at midnight, 6th October 1988:

a) Planck irradiance at air temperature and zenith MODTRAN radiances (multiplied by ) in 1 cm’ bins.

b) The observed spectrum, and the MODTRAN spectrum scanned with a triangular slit function of fixed half-
width 0.06 pm.



115

~
c 307051088 19.20 ) 05.10.88 20.00
Planck (18.9 °C) 2.0 e =
3 RH=70% g : M E
254 ;7 i ' T AT
Vi 1
£ e P ’_“ ] o
£ %l Ea: . R
w 0.42 BD i oS
Q 0.33 Obs 4 | £t c 1
Z 5 034 8B | &3 S X
a ~/  1.03 BD -] %
2 1.03 Obs R
& 104 1.00 SB s IR
= A
i F 051 i
s 5 ----:MoOD BD < \
[ : Obs SB 1 ! 3
8 : MOD SB 5] T
T4 6 8 10 12 14 16 -0 0 10 20
~
z 6.10. J
'E 30-06.10.88 01.20 g0 25 SRcioin | BRoe
1 RH = 84% Planck (14.6 °C) o e o
7 T =3 T T
= @ 1.5
~ 201 d : ‘\\‘
3 £ 1 i\
3 151 it L
2 " iR
4 l-.-l -4 1 AY
D A}
& 19 2 ] B2
— P 5N
- v/ 5 0.5 Y 4 ‘; \
2 5 4 (48 p ~---:mMoDBD X ] VR
= 1.05 SB —— : Obs SB ] v
= ~eeee : MOD SB 1 o
& c T I X ¥ L) b L} ¥ T L 1 0-0 4
e Ta 6 3 10 12 14 16 -10 0 10 20
WAVELENGTH ( zm ) TEMPERATURE (°C)

Fig. 5.5a) Left: Zenith spectral radiance (multiplied by =) observed at Sede Boger (Obs), and modelled by
MODTRAN from soundings observed at Bet Dagan (MOD BD) and estimated at Sede Boger (MOD SB).
Corresponding emittances are given within three spectral bands (e, €, €; ; See text). Relative humidity (RH)
and Planck irradiance at surface air temperature are given for Sede Boger. Data for the evening (upper figures)
and night (lower figures) between October 5th and 6th 1988. Note that the observed wavelengths are increased

by an amount corresponding to 8 cm’.
Right: Temperature (T) and dew point (T,) profiles in the lowest 2 km above m.s.1. at Bet Dagan (observed) and

Sede Boger (® ————® estimated, see Chapter 5.2.2).

Within the opaque bands, 5.5-7.5 ym and 14.5-15.5 pm, the atmospheric zenith emittances ¢, and e;,
respectively, are significantly affected by the boundary layer temperature stratification. In particular,
a temperature inversion may produce zenith radiances in excess of the black body radiance at surface

air temperature, i.e. the zenith emittances exceed unity.
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Fig. 5.5b) Same as Fig. 5.5a, but in the evening and night between October 12th and 13th 1988.

The observed inversion strength (temperature difference between inversion top and surface) at Bet
Dagan ranges from 0.2 to 2.8K in the evening and from 4.9 to 6.7K at midnight. The estimated
inversion strength at Sede Boger, which ranges from -0.6 to 0.6K in the evening and from 2.6 to
5.3K at midnight, is slightly weaker than that observed at Bet Dagan. However, since the dry desert
surface favours the formation of surface inversions, the inversions at Sede Boger are probably
stronger than those at Bet Dagan. The discrepancy between estimates and expectations indicates that
our Sede Boger temperature profiles may be slightly too low aloft. This assumption is corroborated

by the fact that the observed opaque band emittances slightly exceed those modelled from Sede Boger

profiles.
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Fig. 5.5¢c) Same as Fig. 5.5a, but in the evening and night between October 13th and 14th 1988.

Since the average estimated inversion strength at Sede Boger increases from -0.1K in the evening to
3.8K at midnight, the average, from Sede Boger profiles modelled opaque band emittance increases
from 1.00 in the evening to 1.04 at midnight. This modelled increase reasonably well fits, but slightly
exceeds the average observed emittance increase (from 1.03 in the evening to 1.05 at midnight).

The window emittances ¢, (8.5 - 13 um), depending more heavily on deeper atmospheric layers than
the opaque band emittances, are more variable. The average observed window emittance is 0.32 and

exceeds the average 0.27 yielded by MODTRAN from the estimated Sede Boger profiles (Fig. 5.5).
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Fig. 5.5d) Same as Fig. 5.5a, but in the evening and night between October 14th and 15th 1988.

It thus appears that the 5% spectrometer vs. MODTRAN excess seen in Fig. 5.3a originates from the

entire spectrum, with the major part originating from the atmospheric window band.
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5.3.3 Spectral irradiances

The spectrometer data were also compared to the spectral irradiance models of Das & Igbal (1987)
and Berger (1988), both based on surface data. The Das & Igbal model is based on the rigourous
model of Ramsey et al (1982), while the Berger model is based on an earlier version of MODTRAN,
namely LOWTRANG. Since eqn (5.1) is restricted to the all-wave case, spectral hemispherical
irradiances were obtained from the observed spectral zenith radiances L, ,_,. as follows:

LJ.,6=53‘ LL om0 > (5_2)

¢, =7 Lz.e=53° = 2 L
2,8=0°

where the ratio L, ;.53 / Ly4-o- is Obtained from MODTRAN runs applied to the respective Sede
Boger temperature profiles (Fig. 5.6).
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Fig. 5.6 Ratios L, ;_s;» / Ly ¢-o- Of Spectral radiances at zenith angles 53° and 0°. The ratios are modelled
from estimated temperature profiles at Sede Boger, and only the extreme ratios among the 8 cases in Fig. 5.5

are shown.

Fig. 5.7 shows that, except for a small observed excess and a coarser spectral resolution, the Berger
model nicely fits the observed spectrum, while the Das & Igbal model, within parts of the

atmospheric window, yields spectral irradiances which are less than half of the observed ones.
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Fig. 5.7a) Spectral irradiances derived from observed zenith radiances (Obs), together with irradiances pre-
dicted by the models of Berger (1988) and Das & Igbal (1987). Relative humidity (RH) and Planck irradiance
at air temperature are given. Observations from Sede Boger in the evening (upper figure) and night (lower
figure) between October 5th and 6th 1988.
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Fig. 5.7b) Same as Fig. 5.7a, but in the evening and night berween October 12th and 13th 1988.
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Fig. 5.7c) Same as Fig. 5.7a, but in the evening and night between October 13th and 14th 1988.
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Fig. 5.7d) Same as Fig. 5.7a, but in the evening and night between October 14th and 15th 1988.

5.4 CONCLUSIONS

Hemispherical all-wave irradiances obtained from spectral zenith radiances are some 15 Wm? higher
than those computed from temperature soundings by MODTRAN. The excess is in qualitative agree-
ment with the corresponding excess obtained from the readings of all-wave radiometers (Olseth and
Skartveit, 1994, Chapter 4.3.1 in this report). This finding is, however, not consistent with the fact

that the particular pyrgeometer applied in Isreal yielded irradiances some 5% below those inferred
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from the spectrometer. The inconsistency may be due to moderate calibration or sampling errors of

this particular pyrgeometer.

The observed spectral variation of zenith radiance agrees quite well with that modelled from
temperature soundings by MODTRAN. Slight variations of opaque band emittances are in accordance
with modelled (MODTRAN) effects of variations in boundary layer temperature gradients. The
observed window emittances slightly exceed the MODTRAN emittances; the excess may explain a

major fraction of the all-wave excess reported above.

Spectral irradiances derived from observed spectral zenith radiances conform with the model of
Berger (1988), while the model of Das & Igbal (1987), within parts of the atmospheric window,

yields spectral irradiances which are less than half of the observed ones.
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