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Abstract

This paper evaluates models for the estimation of downward longwave atmospheric irradiance at a lowland location and
a mountain location under clear and cloudy skies. The multiyear (1992–1995) data sets utilized for the study were recorded
in southwest Germany during the REgio KLIma Projekt (REKLIP). Annual mean of downward atmospheric irradiance I↓
ranged from 315 to 328 W m−2 at the lowland site and from 282 to 290 W m−2 at the mountain site. Inter-annual variability
of I↓ at the sites was less than 2%. Six existing downward longwave clear-sky irradiance models were assessed in this study.
In addition, this study proposes a new parameterization for estimating downward longwave clear-sky irradiance at the surface.
The new parameterization, which is validated with data from the Oklahoma-based U.S. Department of Energy Atmospheric
Radiation Measurement (ARM) program, performed better than the other six models. It produced estimates, which agree with
measurements more closely (within 5% for lowland and 7% for mountain locations). The incorporation of quadratic cloud
terms in the parameterization allows for the estimation of I↓ under variable sky conditions.
c© 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

Downward longwave atmospheric irradiance I↓ incident
at the earth surface is a very signi@cant constituent of the
global radiation budget. Its knowledge is required for (a)
the forecast of nocturnal frosts, fogs, temperature variation
and cloudiness; (b) energy balance studies; (c) the design
of radiant cooling systems as well as (d) calculations on cli-
mate variability and global warming (Crawford and Duchon,
1999; IPCC, 2001). However, current attempts to investigate
energy balance at the earth’s surface are still being hindered
by lack of data on longwave Cuxes (Garratt and Prata, 1996;
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Kessler and Jaeger, 1999). In view of this, there is a grow-
ing interest in alternative techniques for the estimation of
longwave Cuxes at the surface.

If the atmosphere is understood formally as a grey body,
the amount of downwelling longwave irradiance is deter-
mined by the bulk emissivity �atm and eFective tempera-
ture Tatm of the overlying atmosphere according to I↓ =
�atm�(Tatm)4, where � denotes the Stefan-Boltzmann con-
stant (5:67× 10−8 W m−2 K4). Since it is diIcult to spec-
ify �atm and Tatm for a vertical column of the atmosphere
(Crawford and Duchon, 1999), I↓ could be parameterized
from air temperature Ta (K) and/or vapor pressure e (hPa)
measured close to the ground, such that during clear-sky
(with cloud cover N = 0 okta),

I↓(0) = �0(Ta ; e)�T 4
a : (1)

In Eq. (1), �0 (dimensionless) represents the eFective
clear-sky atmospheric emissivity.
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KAngstrLom (1918) developed the @rst empirical rela-
tionship between downward longwave clear-sky irradi-
ance and vapor pressure. Following his pioneering work,
Brunt (1932), Swinbank (1963), Idso and Jackson (1969),
Brutsaert (1975), Berger et al. (1984), Culf and Nash
(1993), Alados-Arboledas (1993) and Prata (1996), among
others, postulated additional models for the estimation of
I↓ for clear-sky conditions. Crawford and Duchon (1999)
estimated eFective atmospheric emissivity for calculating
daytime I↓ at Oklahoma. Chevallier et al. (2000) assessed
the possibility of retrieving vertical pro@le of cooling rates
and clear-sky I↓ from the Television and Infrared Ob-
servation Satellite (TIROS) Operational Vertical Sounder
(TOVS) radiometers using a neural network approach, ini-
tialization inversion method and a forward radiative transfer
model while Zhang et al. (2001) examined the impact of
the atmospheric thickness on clear-sky I↓ in the Arctic
and Subarctic.

Since there are still very few direct measurements of I↓,
empirical models derived from surface measurements can
provide many more estimates ofI↓ than are currently avail-
able form observing networks. In addition, satellites have
an inherent limitation in estimating I↓, because this quan-
tity is eFectively decoupled from the measurement, and not
observable at all under overcast conditions (Prata, 1996). In
view of their simplicity and practicability, empirical mod-
els (which estimates I↓ based on surface conditions) are
generally preferred to theoretical models (which requires
information on atmospheric properties including temper-
ature and humidity at various levels above the ground).
Consequently, one of the main objectives of this paper is
to asses the applicability of some widely reported down-
ward atmospheric irradiance models by using long-term
surface data collected at a lowland site and a mountain
site.

It is also noteworthy that most previous models are only
valid for clear-sky or daytime conditions, while others are
developed for estimating daily (or longer term) mean ofI↓.
These models are hence less accurate for estimating I↓ un-
der cloudy conditions or within shorter time intervals. Some
investigators (e.g. Czeplak and Kasten, 1987; Keding 1989;
DIN-VDI, 1999) have parameterized the atmospheric down-
ward irradiance in terms of cloud types. However, since in-
formation on cloud type is not as readily available as cloud
cover fraction, the application of such parameterizations is
somewhat limited. In view of the foregoing, another goal of
this study is to develop a parameterization (based on easily
measurable variables) for estimating I↓ under variable sky
conditions for lowland and mountain locations.

2. Experimental sites and database

The reference sites used for this study are located at
Bremgarten (47◦54′35′′N; 7◦37′18′′E) in the Upper Rhine
plain and at Feldberg (47◦52′31′′N; 8◦00′11′′E) on the

summit of the Black forest mountain ranges, southwest
Germany. The experimental sites were operated within
the framework of a regional climate project (REKLIP).
Bremgarten lowland site is situated at an elevation of
212 m a.s.l. and Feldberg mountain site at 1489 m a.s.l..
The latter is located approximately 29 km southeast of
the former. The surfaces of the experimental sites are
grasslands.

Downward shortwave irradiance at the sites was measured
by a horizontally positioned CM11 pyranometer (Kipp &
Zonen, Delft, Netherlands) installed at 2 m above ground,
while air temperature and humidity were measured using a
wet and dry bulb psychrometer system at the same level. The
total upward irradiance and total downward irradiance were
measured, respectively, by the downward facing and the up-
ward facing sensors of a horizontally positioned LXG055
pyrradiometer (B. Lange company, Berlin) installed at 2 m
above ground. Downward atmospheric irradiance was com-
puted as the diFerence between the total downward irradi-
ance and the downward shortwave irradiance (Kessler and
Jaeger, 1999). Prior to and after measurements, all radio-
meters were calibrated. There was no signi@cant drift in the
instruments’ calibration constants at the end of the measure-
ment period. The accuracy of the radiation measurements
was generally estimated to be better than 5% especially dur-
ing daytime conditions.

The data acquisition system was based on a Campbell sci-
enti@c 21X micro data logger with 10 s sampling rate and
10 min integration time. Hourly mean values were deter-
mined from the integrated values. Measurement extended
from January 1991 to September 1996 at the lowland site,
and from July 1991 to September 1996 at the mountain site.
However, it is worth-mentioning that the data set for 1994
at the mountain site was only restricted to the second half of
the year, due to a storm-induced collapse of the measuring
mast in the @rst half of 1994 at this site.

In addition to the aforementioned meteorological vari-
ables, which were directly measured at the study sites, hourly
data on cloud cover for the mountain site (January 1991–
October 1994) as well as data on sunshine duration for the
mountain site (January 1991–October 1994) and lowland
site (January 1991–February 1995) were obtained from the
German Weather Service. Furthermore, hourly cloud cover
data for the lowland site extending from January 1991 to
February 1993 was obtained from the German Geophysical
Consultant Services. The cloud cover fraction for the sites
was determined by trained observers, who view the entire
sky. Here a clear-sky implies the cloud cover fraction is 0
okta (i.e. no clouds).

3. Meteorological conditions at the experimental sites

From the point of view of climatic characteristic, the study
sites lies in the transition area from maritime to continental
climate, thus possessing a relatively mild and moderately
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Table 1
Annual mean of meteorological parameters at Bremgarten lowland site and Feldberg mountain site, Germany (1992–1995)

Site Air Vapor Relative Wind Precipitation
temperature pressure humidity speed (mm yr−1)
(◦C) (hPa) (%) (m s−1)

Lowland 10.8 10.7 79.3 3.5 704
Mountain 4.4 7.4 84.1 6.7 1573
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Fig. 1. Annual variation of relative sunshine duration at Bremgarten
lowland site and Feldberg mountain site, Germany (1991–1994).

humid climate. Table 1 presents a summary of the annual
mean of air temperature, vapor pressure, relative humidity,
wind speed and precipitation at the sites from 1992 to 1995.
These variables showed a strong dependence on site ele-
vation. Unlike annual mean values of air temperature and
vapor pressure, relative humidity (possibly owing to its in-
verse proportionality to air temperature) increased slightly
with altitude in the study area. From 1992 to 1995, the ab-
solute hourly minimum of air temperature was −13:1◦C at
the lowland site and−17:7◦C at the mountain site, while the
corresponding absolute maximum temperatures were 35:0◦C
and 23:8◦C for the respective sites. On an annual basis, the
mean number of days with cloud cover greater than 80%
amounted to 104 at the lowland site and 112 at the mountain
site, while the number of frosty days was 68 at the lowland
site and 136 at the mountain site.

As shown in Fig. 1, the highest monthly mean rel-
ative sunshine duration S=S0 (where S is the sunshine
duration and S0 is the day length i.e. maximum possible
sunshine duration) was recorded in August at the study
sites (being 62.5% for the lowland site and 58.5% for
the mountain site), while the lowest monthly mean S=S0
was recorded in November/December at the lowland site
and October at the mountain site (been 16.5% and 27%,
respectively).

4. Results and discussion

4.1. Measured downward atmospheric irradiance at the
study sites

Fig. 2 presents annual variation of I↓ at the study sites.
Monthly mean of downward atmospheric irradiance reached
a maximum in July (when air temperature and vapor pres-
sure peaked), being 367 W m−2 at the lowland site and
324 W m−2 at the mountain site. The least monthly mean
of I↓ was recorded in January, being 289 W m−2 at the
lowland site and 249 W m−2 at the mountain site. Annual
means of I↓ at the study sites from 1992 to 1995 are pre-
sented in Table 2. Annual mean ofI↓ for 1994 at the moun-
tain site was omitted in Table 2 due to the incompleteness
of the data set for this year at the site (see Section 2 above).
The year-to-year Cuctuation ofI↓ was relatively small (less
than 2%) at both sites. This low inter-annual variability of
I↓ renders the measured data very suitable for diagnostic
and modeling purposes. Overall, annual mean of I↓ ranged
from 315 to 328 W m−2 at the lowland site and from 282 to
290 W m−2 at the mountain site. In eFect, annual downward
longwave radiation at the mountain site constituted 89% of
that at the lowland site. This is consistent with the observed
negative altitudinal temperature and vapor pressure gradient
of−0:51◦C=100 m and−0:25 hPa=100 m, respectively, for
the study area.
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Fig. 2. Annual variation of atmospheric downward irradiance at
the lowland site and mountain site (1992–1995).
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Table 2
Annual mean and variability of downward atmospheric radiation at Bremgarten lowland site and Feldberg mountain site, Germany (1992–
1995)

Site Downward atmospheric radiation (W m−2) Variability (%)

1992 1993 1994 1995 Mean

Lowland 315 319 328 324 322 1.9
Mountain 282 284 — 290 285 1.3

Table 3
Downward longwave clear-sky models and error analysis for estimated I↓(0) (obtained with the use of original model coeIcients) at the
lowland and mountain sites

Model De@nition of model Errors associated with estimates

I↓(W m−2); Ta(K); e(hPa); Tc = 273 K Lowland site Mountain site

Swinbank1 I↓(0) = A1T 6
a SE = 27 W m−2 SE = 29 W m−2

where A1 = 5:3× 10−13 W m−2 K−6 NMBE =−7% NMBE = 9%
NRMSE = 12% NRMSE = 15%

Swinbank2 I↓(0) = A2�T 4
a − B2 SE = 28 W m−2 SE = 29 W m−2

where A2 = 1:195 and B2 = 171 W m−2 NMBE =−11% NMBE = 3%
NRMSE = 15% NRMSE = 13%

Idso and I↓(0) = �T 4
a (1− A3 exp(−B3(Tc − Ta)2)) SE = 27 W m−2 SE = 31 W m−2

Jackson where A3 = 0:261 and B3 = 0:000777 K−2 NMBE =−4% NMBE = 1%
NRMSE = 11% NRMSE = 19%

Brunt I↓(0) = �T 4
a (A4 + B4e1=2) SE = 23 W m−2 SE = 24 W m−2

where A4 = 0:55 and B4 = 0:065 hPa−1=2 NMBE =−6% NMBE = 7%
NRMSE = 11% NMSE = 12%

KABF I↓(0) = �T 4
a (A5 − (B5 × 10(−C5e))) SE = 27 W m−2 SE = 29 W m−2

where A5 = 0:820; B5 = 0:250 and NMBE = 1% NMBE = 2%
C5 = 0:168 hPa−1 NRMSE = 9% NRMSE = 21%

Brutsaert I↓(0) = A6�T 4
a e

(1=7) SE = 23 W m−2 SE = 25 W m−2

where A6 = 0:552 hPa6=7 NMBE =−6% NMBE = 7%
NRMSE = 10% NRMSE = 12%

4.2. Evaluation of downward atmospheric irradiance
models

The assessment of downward atmospheric irradiance
models would be examined in this section under three sub-
divisions namely (a) clear-sky condition: existing parame-
terizations, (b) clear-sky condition: a new parameterization,
and (c) all-sky conditions.

4.2.1. Clear-sky condition: existing parameterizations
Based on model values calculated exactly according to

the theory of radiative transfer, the equation of Swinbank
(1963) (hereafter referred to as Swinbank1 model) has been
reported to be one of the best approximation (DIN-VDI,
1999) for estimating downward atmospheric irradiance.
Swinbank1 model (see de@nition in Table 3), which implies

a quadratic relation between eFective clear-sky atmospheric
emissivity and Ta, is theoretically justi@ed in terms of the
6:3 �m absorption band of water vapor (Llebot and Jorge,
1984).

In addition to Swinbank1, a second downward long-
wave clear-sky radiation parameterization (Swinbank2
model) proposed by Swinbank (1963), as well as four other
widely reported models (Idso and Jackson, 1969; Brunt,
1932; KAngstrLom, 1918/Bolz and Falkenberg, 1949 ( KABF);
Brutsaert, 1982) were evaluated for the study locations.
Fig. 3 presents measured hourly values of I↓(0) and those
estimated from the aforementioned models (using the orig-
inal coeIcients in Table 3) for a clear-sky summer day
(30 August, 1991) at the lowland site. Although, there is
strong autocorrelation in the hourly values of measured and
estimated I↓(0), all the models underestimated I↓(0) for
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Fig. 3. Measured hourly downward atmospheric irradiance and
those estimated from six diFerent models on a clear summer day
(30 August, 1991) at the lowland site.

most part of the day. In comparison to the remaining hours
of the day, estimates from the models approached measured
I↓(0) more closely during the second half of the morning,
from 7 to 12 h (CET).

Moreover, the models were evaluated using all hourly
clear-sky data from January 1991 to February 1993 (1633
hourly observations) for the lowland site and from August
1991 to October 1994 (1421 hourly observations) for the
mountain site. Table 3 presents these models, as well as error
statistics including the standard error (SE) in W m−2, nor-
malized mean bias error (NMBE) and normalized root mean
square error (NRMSE). To obtain NMBE and NRMSE, the
usual mean bias error and root mean square error are ex-
pressed as fractions of the corresponding mean I↓. This
current practice was also adopted during the major model
testing activities performed by the Task IX of the Interna-
tional Energy Agency (IEA) (see Davies et al., 1988; Festa
and Ratto, 1993; Badescu, 1997). Thus the SE, NMBE and
NRMSE associated with hourly estimates of I↓ from the
models are given by

SE =
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1
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]0:5
1
n

n∑
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�↓i;m

; (4)

where I↓i;m and I↓i; e are the ith measured and estimated
downward atmospheric irradiance, respectively, and n is the
number of data elements.

The standard error of I↓(0) estimated from the models,
ranged from 23 to 28 W m−2 for the lowland site and from
24 to 31 W m−2 for the mountain site. While the NRMSE of
hourly estimates ofI↓(0) from Brutsaert, Idso and Jackson,
Brunt and KABF models was 10 ± 1% for the lowland site,
only Brutsaert and Brunt model yielded a relatively low
NRMSE (of 12%) for the mountain site.

We also examined the linear correlation between model
estimates and measurements, where the correlation coeI-
cient for the perfect @t (with zero intercept) is denoted by
r. Figs. 4 and 5 present plots of hourly estimates of I↓(0)
from Idso and Jackson model, and Brutsaert model versus
measured values for the lowland and mountain sites. As evi-
dent by the relatively lowmagnitude of their statistical errors
(see Table 3) and high correlation coeIcients (r2 ≈ 0:78
for the lowland site, r2 ≈ 0:55 for the mountain site) (see
Figs. 4 and 5), Brunt and Brutsaert models performed better
than the other models. In particular, Brutsaert model gave
the highest correlation coeIcient for both sites. Swinbank2
model yielded the worst SE for the lowland site, while Idso
and Jackson model showed the worst SE for the mountain
site (see Table 3 and Figs. 4 and 5). One notable obser-
vation about these comparisons is the shelf, below which
model estimates seem not to occur (see Figs. 4 top, 5 top
and 5 bottom). The lower accuracy of these models could
be attributed to the fact that the models assumed that air hu-
midity is an implicit function of ambient temperature (based
on the strong correlation between Ta and e) and hence did
not express e explicitly in their formulation.
Expressing Brunt model as �0 = A4 + B4e1=2 where the

clear-sky emissivity �0 = I↓(0)=�T 4
a , Table 4 presents the

coeIcients A4 and B4 obtained from measured data for the
study sites as well as those reported by some investigators.
These coeIcients vary somewhat signi@cantly from location
to location. In general, B4 varied more than A4, with the
former showing a variability of about 32% and the latter
only 13% for all the locations presented in Table 4. The
estimated coeIcient B4 for the lowland and mountain sites
are 0.064 and 0.066 respectively. The higher B4 obtained
for the mountain site implies a slightly greater dependence
of the eFective emissivity on the surface water vapor. While
B4 for the study sites is similar to that reported originally
by Brunt (1932), A4 for both sites diFered signi@cantly and
showed a deviation of about 10% from that reported by
Brunt (1932). With A4 amounting to 0.60 at the lowland site
and 0.50 at the mountain site, it follows that, given the same
surface water vapor pressure at both sites, the emissivity is
lower at the mountain site. Thus, the diFerence in A4 for
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Fig. 4. Hourly downward longwave clear-sky irradiance estimated from Idso and Jackson (above) and Brutsaert (below) models versus
measured irradiance at the lowland site (1991–1992).

Fig. 5. Same as Fig. 4 but for the mountain site (1991–1994).

both sites accounts for the existence of a lower amount of
water vapor at the mountain site relative to the lowland site.

4.2.2. Clear-sky condition: a new parameterization
This study presents a new parameterization for I↓(0) as

follows:

I↓(0) = �T 4
a {1− Xs exp(−Yse=Ta)} (5)

where Xs = 0:35; Ys = 10:0 K hPa−1 for the lowland site
and Xs = 0:43; Ys = 11:5 K hPa−1 for the mountain site.
In obtaining this parameterization, the entire hourly data for
each of the lowland and mountain sites was split into two,
with one half of the data set (i.e., 1991 data set for the
lowland and 1991–1992 data set for the mountain site) being
utilized for the modeling and the other half (i.e. 1992 data set
for the lowland, 1993–1994 data set for the mountain site)



M.G. Iziomon et al. / Journal of Atmospheric and Solar-Terrestrial Physics 65 (2003) 1107–1116 1113

Table 4
CoeIcients of Brunt’s clear-sky atmospheric emissivity relation �0 = A4 + B4e(1=2) as reported by various investigators and the overall
variability

Investigator Location A4 B4 (hPa−1=2)

Brunt (1932)—Original work Benson (UK) 0.55 0.065
Monteith (1961) Kew (UK) 0.53 0.065
Swinbank (1963) Australia 0.64 0.037
Sellers (1965) 22 locations World-wide 0.61 0.048
Berger et al. (1984) France 0.66 0.040
Berdahl and Martin (1984) Six locations in U.S.A. 0.56 0.059
Heitor et al. (1991) Lisbon (Portugal) 0.59 0.044
Present study Bremgarten (Germany) 0.60 0.064
Present study Feldberg (Germany) 0.50 0.066
Variability (%) All the above locations 13 32

Fig. 6. (a) Hourly downward longwave clear-sky irradiance estimated from Eq. (5) versus measured irradiance at the study lowland site
(1992); (b) hourly downward longwave clear-sky irradiance estimated from CD1999 (see text for details) versus measured irradiance at the
ARM Southern Great Plain Central Facility (1998–1999) and (c) hourly downward longwave clear-sky irradiance estimated from Eq. (5)
versus measured irradiance at the ARM Southern Great Plain Central Facility (1998–1999).

being used for the validation. The SE, NMBE and NRMSE
of I↓(0) estimated using Eq. (5) were 14 W m−2; −2%
and 6%, respectively, for the lowland site, and 19 W m−2;
−1% and 9%, respectively, for the mountain site. Measured
hourly values of I↓(0) and those estimated using Eq. (5)
agreed within about 7% for the mountain site.

The U.S. Southern Great Plains Cloud and Radiation
Testbed site is the @rst and the largest @eld measurement
site, established by the Department of Energy’s Atmospheric
Radiation Measurement (ARM) Program. The heavily in-
strumented Central Facility (36:60◦ N; 97:50◦W; 315 m
a.s.l.) of the ARM site is located on a 65-ha cattle pasture and

wheat @elds southeast of Lamont, Oklahoma. As indicated in
Section 1, Crawford and Duchon (1999) estimated daytime
I↓ for the ARM site. In Fig. 6, we present a validation of
Eq. (5) for the lowland site, while also comparing the perfor-
mance of Eq. (5) with that of Crawford and Duchon (1999)
(hereafter reFered to as CD99) for the ARM site. As for the
study sites, the clear-sky observations at the ARM site were
made by trained observers (Iziomon and Lohmann, 2003).
Here we utilize 2 years (1998–1999) of hourly-averaged
ARM clear-sky data. As shown in Fig. 6 (a and c), val-
ues of I↓(0) and those estimated using Eq. (5) agree
within about 5% for both the lowland and ARM sites. It is



1114 M.G. Iziomon et al. / Journal of Atmospheric and Solar-Terrestrial Physics 65 (2003) 1107–1116

Fig. 7. Hourly downward longwave all-sky irradiance estimated from Eq. (6) versus measured irradiance at the lowland site (1992) {above}
and mountain site (1993–1994) {below}.

Table 5
Model accuracy during various seasons

Season Model accuracy for lowland site (%) Model accuracy for mountain site (%)

Clear-sky model All-sky model Clear-sky model All-sky model

Winter 6 8 6 9
Spring 4 5 5 8
Summer 4 5 4 6
Autumn 6 5 11 8

noteworthy that Eq. (5) gave higher regression coeIcients,
lower statistical errors and hence better estimates of I↓(0),
compared to the other models examined in Section 4.2.1.

Furthermore, Eq. (5) and CD99 exhibited similar high
performance. However, the fact that Eq. (5) yielded higher
coeIcient of determination (r2) for the ARM site {see Fig.
6c} and is usable for both daytime and nighttime conditions,
renders it more practicable than CD99, which can only be
used to estimate I↓ for daytime conditions.

4.2.3. All-sky conditions
The presence of cloud increases atmospheric irradiance

received at the surface, since the radiation from water vapor
and carbon dioxide in the lower atmosphere gets supple-
mented by emission from clouds in the waveband which the
gaseous emission lacks. For application under cloudy sky
conditions, the new clear-sky formulation therefore require
appropriate modi@cation. To parameterize I↓ for all-sky
conditions, measured hourly data covering one year (1991)

for the lowland site and 2 years (1991–1992) for the moun-
tain site were @tted to a relation of the form I↓(N ) =
I↓(0)(1 + ZsN 2) where Zs is a coeIcient. This method is
justi@ed by the fact that I↓ varied approximately as N 2 at
the study sites and that I↓=I↓(0) when N =0 okta. Sub-
stituting Eq. (5) for I↓(0), hourly downward atmospheric
radiation for the lowland and mountain sites under variable
sky conditions is given by

I↓(N ) = �T 4
a {1− Xs exp(−Yse=Ta)}(1 + ZsN 2) (6)

where e is in hPa, N is in okta, Ta is in K, Zs = 0:0035 for
the lowland site and Zs = 0:0050 for the mountain site. Eq.
(6) was validated using 1 year (1992) data set for the low-
land site and 2 years (1993–1994) data set for the moun-
tain site. Fig. 7 presents hourly values of measured I↓
and those estimated for the lowland and mountain site us-
ing Eq. (6). In general, measured and estimated I↓ agreed
within 6% for the lowland site and 7% for the mountain
site. The SE, NMBE and NRMSE of estimated I↓ were
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23 W m−2; −1% and 7%, respectively, for the lowland site
and 27 W m−2; −0:5% and 9% for the mountain site.

Furthermore, the dependence of total eFective atmo-
spheric emissivity � on cloudiness for the lowland site and
mountain site can be approximated by

�(N ) = �0(1 + ZsN
2); (7)

where �0 averaged 0.78 and 0.70 for the lowland and
mountain sites, respectively. The higher �0 obtained for the
lowland site is consistent with higher air temperature and
water vapor concentration at the site relative to the mountain
site. In eFect, it follows that clear-sky emissivity increases
with water vapor mixing ratio but declined with altitude.

4.2.4. Comments on time scales and the applicability of
proposed parameterization in climate models

As indicated in Sections 4.2.2 and 4.2.3, accuracies of
5–7% for hourly data of atmospheric downward irradiance
are reported for the newly proposed parameterization. This
range of accuracy is impressive and quite suIcient for some
atmospheric applications. However for global climate ap-
plications, errors of ±5 W m−2 are desirable. On monthly
and seasonal time scales, the errors reported here could be
somewhat smaller. In particular, better accuracies are ob-
tained during spring and summer months (see Table 5). As
next steps, we plan to compare estimates of I↓ from vari-
ous global climate models with those obtained from our pa-
rameterizations to determine the applicability of the latter in
climate models.

5. Conclusion

Long-term data on atmospheric downward irradiance is
still rare. This lack of data is even more pronounced for high
grounds. Most existing models were developed based on
short-term data (which were often collected from a lowland
site) and for clear-sky conditions only. Based on a long-term
data set, this study examines the downward atmospheric ra-
diation budget and investigates models for its estimation,
given clear and cloudy sky conditions at a lowland and a
mountain location. The large diFerence in the elevation of
the study sites results in a signi@cant contrast in their clima-
tology and hence their longwave radiation regime. Of the
existing models evaluated here, Brutsaert and Brunt models
performed better than the other ones. By yielding estimates,
which agree with measured values within 5% for lowland
and 7% for mountain locations, our newly proposed param-
eterization performed better than the other clear-sky models
examined here. Furthermore, hourly downward all-sky irra-
diance estimated from our model yielded estimates, which
agree with measurement within 6% for the lowland site and
7% for the mountain site. Since a realistic estimation of
downward longwave irradiance is crucial to radiation bal-
ance investigations, the impressive long-term data set as

well as the model evaluation presented here are pertinent to
a range of atmospheric applications.
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