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AbstrAct 

The radiation exchange drives the plant ecosystems energy balance and provides the energy for photosynthesis, 
transpiration and plant growth. The investigation on net radiation and its component during vegetation season 
in relation to the clearness index and sun elevation in a cultivated 31-year-old mountain spruce [Picea abies (L.) 
Karst.] stand is presented. Downward short-wave radiation – Sd (incident on the spruce stand was the main part 
of the short-wave radiation balance during the whole growing season (April–October) 2008. The Sd amount is 
seasonally variable factor determined by the duration of solar shine and the atmosphere transmissivity. Obtained 
value of net radiation (Rn) and downward short-wave radiation (Sd) ratio amounts to 0.61 on average during the 
growing season 2008 documenting the importance of the downward short-wave radiation in the net radiation of 
investigated spruce stand.
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IntroductIon

Net radiation is an important variable in meteorology, 
hydrology and ecology, because it determines the de-
gree of radiation exchange between an active surface 
and the atmosphere and it influences energy and mass 
fluxes (Baldocchi et al. 2000; Beringer et al. 2005; 
Gavilan et al. 2007). Thus, net radiation is regarded as 
a particular parameter in used surface energy partition-
ing models (Monteith and Unsworth 1990; Anthoni et 

al. 2000; Oliphant et al. 2003; Falge et al. 2005) includ-
ing the realized tests of the validity of the eddy covari-
ance technique (Aubinet et al. 2000; Baldocchi et al. 
2001; Rannik et al. 2006). 

Net radiation is the expression given to the net 
amount of energy incident on a certain surface. In nu-
merical terms, it consists of the sum of the downward 
and upward short- and long-wave radiation. Thus, the 
net amount of radiation received by a surface is de-
fined as:
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Rn = Sd – Su + Ld – Lu

where Rn – net radiation (it means net all-wave radia-
tion), Sd – downward short-wave radiation incident on 
the surface, Su – upward short-wave radiation reflected 
by the surface to the atmosphere, Ld – downward long-
wave radiation emitted from the atmosphere, Lu – up-
ward long-wave radiation emitted from the surface to 
the atmosphere. All surfaces receive short-wave, ra-
diation during daylight and exchange long-wave radia-
tion continuously with the atmosphere. The main part 
of the plant ecosystems net radiation amount belongs 
to downward solar short-wave radiation. It is well 
supported by the existing linear relationship between 
downward short-wave radiation and net radiation of 
plant ecosystems (McCaughey 1978; Alados et al. 
2003; Marková et al. 2006).

The exclusivity of plant ecosystems surface is pri-
marily demonstrated by their considerable spatial and 
temporal variability caused by changing the stand can-
opy geometric relations, optical properties and cloud 
conditions (Gholz and Clark 2002; Betts et al. 2007). 
Moreover, the radiation exchange drives the plant 
ecosystems energy balance and provides the energy 
for photosynthesis, transpiration and plant growth 
(Fussler 1998; Oliphant et al. 2006; Flerchinger et al. 
2009). 

The objective of the presented paper is focused 
on an investigation on net radiation and its component 
during the growing season in relation to the clearness 
index and sun elevation in a cultivated 31-year-old 
mountain spruce [Picea abies (L.) Karst.] stand is pre-
sented.

Methods

Net radiation of mountain Norway spruce stand was ob-
served and evaluated at the study site of Bílý Kříž during 
the growing season (May–October) in 2008. Description 
of the study site and studied stand is shown in Tab. 1.

Net radiation observation

Net radiation of mountain cultivated Norway spruce 
stand was measured by the Net Radiometer CNR 1 
(Kipp-Zonen, the Netherlands) located 20 meters above 
the ground on a steel meteorological mast. Net radio-

meter recorded four net radiation components separate-
ly, i.e. downward short-wave radiation incident on the 
spruce stand (Sd), upward short-wave radiation reflected 
by the spruce stand to the atmosphere (Su), downward 
long-wave radiation emitted from the atmosphere (Ld), 
upward long-wave radiation emitted from the spruce 
stand to the atmosphere (Su). Moreover, the short-wave 
(Rnsw) and long-wave (Rnlw) net radiation were ob-
tained as:

Rnsw = Sd – Su; Rnlw = Ld – Lu.

All components of stand net radiation were auto-
matically recorded per 30 seconds and 30-minute aver-
age values were automatically stored by a data-logger 
equipped with a managing single board computer with 
an integrated processor VIA 667 MHz with low con-
sumption and operating system Windows XP Embed-
ded which is installed on 512 MB CF disc without ro-
tating parts. Modules ADAM (Advantech, USA) com-
municate with this computer after data bus RS-485. 

Daily sums of above mentioned values were cal-
culated for individual days of the growing season 
(May– October) in 2008.

Tab. 1. Description of the study site and the studied spruce 
stand

St
ud

y 
si

te

Bílý Kříž (Moravian-Silesian Beskids Mts., the 
Czech Republic)
 – geographic coordinates: 18°30´ E, 49°30´ N
 – altitude: 877 m
 – geological subsoil: flysh layer with dominant 
sandstone

 – soil type: typical humo-ferric podzol with mor-
moder form of surface humus, medium depth up 
to shallow,  
loamy-sand or sandy loam, relatively low nutrient 
content, depth of 60– 80 cm

 – mean annual temperature: 6.7 ± 1.2°C 
 – mean annual sum of precipitation: 1374 ± 186 mm

St
ud

ie
d 

st
an

d

Picea abies (L.) Karst
 – planted out in 1981 using four-years old seedlings
 – exposure: SSE
 – slope 12.5°
 – in the 2008:
 – trees age: 31 years
 – stand density: 1428 trees ha-1

 – mean stand height: 12.5 ± 0.1 m
 – mean diameter at breast height: 15.4 ± 0.2 cm 
 – maximum leaf area index: 9.5 ± 0.3 m2 m-2
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Sun elevation determination

Sun elevation values for an individual day of the grow-
ing season (May–October) in 2008 at the study site of 
Bílý Kříž were calculated for each 30-minute inter-
val (0:30, 1:00, 1:30, etc.) using the computer program 
“PhotosynAssistant ver 1.1 (Dundee Scientific, the 
Great Britain)”. Intervals of 0– 10, 11– 20, 2– 30, 31– 40, 
41– 50, 51– 60 and 61– 70o of sun elevation were used for 
an analysis of the relationship between the values of Sd, 
Su, Ld, Lu, Rn and sun elevation. 

Clearness index determination

The clearness index was obtained as the ratio between 
extra-terrestric irradiance at the north latitude of 50o 
(Vaníček 1994) and a short-wave solar radiation inci-
dent on the studied spruce stand for each 30-minute 
interval (0:30, 1:00, 1:30, etc.) for an individual day 
of the growing season (May–October) in 2008. In-
tervals of 0.00– 0.10, 0.11– 0.20, 0.21– 0.30, 0.31– 0.40, 
0.41– 0.50, 0.51– 0.60, 0.61– 0.70, 0.71– 0.80, 0.81– 0.90 
and 0.91– 1.00 of the clearness index values were used 
for an analysis of the relationship between the values of 
Sd, Su, Ld, Lu, Rn and the clearness index. 

results And dIscussIon

Short-wave radiation

The downward short-wave radiation incident on the 
spruce stand was the main part of the short-wave ra-
diation balance as well as of the total net radiation dur-
ing the growing season in 2008 (Fig. 1, Tab. 2). The Sd 
amount is a seasonally variable factor determined by 
the duration of solar shine and the atmosphere trans-
missivity and for these reasons the seasonal differen-
ces of the daily sums of Sd were substantial (variation 
coefficient: 55%). In agreement with published results 
(McCaughey 1978; Marková et al. 2006) the strongly 
correlated (r2 = 0.93) linear relationship has been found 
between Sd and Rn (Fig. 2). The obtained value of Rn/Sd 

ratio amounts to 0.61 on average during the growing 
season in 2008 documenting the importance of the 
downward short-wave radiation in the net radiation bal-
ance of the investigated spruce stand. Similar results for 
coniferous stands were published by Tajchman (1972) 
and Jarvis et al. (1975). 

Daily sums of upward short-wave radiation reflect-
ed by the spruce stand to the atmosphere showed high 
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Fig. 1. Daily sums of net radiation components (Sd – downward short-wave radiation incident on the spruce stand, Su – upward 
short-wave radiation reflected by the spruce stand to the atmosphere, Ld – downward long-wave radiation emitted from the 
atmosphere, Lu – upward long-wave radiation emitted from the spruce stand to the atmosphere) and net radiation (Rn) of the 
spruce stand during the growing season (May – October) in the 2008
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variability (variation coefficient: 51%) because the Su 
amount was greatly dependent on the amount of season-
ally changed stand optical properties and the amount of 
downward short-wave radiation (Fig. 3). Daily upward 
short-wave radiation loss varied between 3– 33% and 
thus the mean daily albedo (Su/Sd) of the studied spruce 
stand was only 11% during the investigated growing 
season in 2008. The low daily values of albedo of for-
est stands seem to be a common phenomenon (Jarvis 
et al. 1975; Eck and Deering 1992; Betts et al. 2007). 
The obtained results show a small effect of Su on the 
short-wave radiation balance as well as on the total net 
radiation of the investigated spruce stand.

Tab. 2. Statistical characteristics of net radiation components (Sd, Su, Ld, Lu), short-wave (Rnsw) and long-wave (Rnlw) radiation 
balance and total net radiation (Rn) of the studied spruce stand during the growing season (May–October) in the 2008

May–October 2008
total sum mean daily sum minimum daily sum maximum daily sum

(MJ m-2)
Sd 2734.9 14.9 ± 8.1  1.1 29.3
Su  267.7  1.5 ± 0.7  0.1  2.8
Ld 5148.2 28.0 ± 2.3  20.8 33.1
Lu 6040.4 32.8 ± 2.6  27.8 38.4

Rnsw 2467.3 13.4 ± 7.5  1.0 27.6
Rnlw –892.2  –4.8 ± 2.9 –10.6  0.0
Rn 1575.1  8.6 ± 5.1 –1.5 18.2
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Fig. 2. Relationship between net radiation (Rn) of the spruce 
stand and downward short-wave radiation (Sd) incident on 
the spruce stand during the growing season (May–October) in 
the 2008
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Fig. 3. Seasonal changes of albedo (Su/Sd) of the spruce stand during the growing season (May–October) in the 2008
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Long-wave radiation

The components of long-wave radiation balance (Ld 
and Lu) were much more equable compared to the 
components of short-wave radiation balance (Fig. 1, 
Tab. 2). A seasonally obtained variation coefficient of 
Ld as well as Lu daily sums amounts only 8%. The en-
ergy dissipation within spruce stand is responsible for 
the higher amount of the upward long-wave radiation 
which is emitted to the atmosphere compared to the 
downward long-wave radiation emitted by the atmos-
phere. It is opposite to the short-wave radiation bal-
ance.

Net radiation 

Net radiation of studied spruce stand was positive prac-
tically during the whole growing season (Fig. 4) in 
2008. Differences in daily sums of Rn were substantial 
after the variation coefficient (60%). Thus, from the en-
ergy supply point of view, the conditions of the inves-
tigated mountain spruce stand on given locality during 
growing season were favorable.

Short-wave radiation balance was during the whole 
studied period positive indicating permanent input of 
energy available for the stand processes (mainly pho-
tosynthesis). The negative long-wave radiation balance 

(its loss amounts to 32% of total downward short-wave 
radiation) results from the intensive energy dissipation 
(evapotranspiration) and optical properties of foliage 
(reflectance of foliage, trunks and soil surface) spectral. 
Thus, for the studied mountain spruce stand the most 
important component of net radiation was the down-
ward short-wave radiation (Fig. 4). 

Relationship between net radiation and its 
component, clearness index and sun elevation

The relationship between the values of Sd, Su, Ld, Lu, 
Rn and the clearness index and the sun elevation was 
analyzed during the growing season (May–October) in 
2008 (Fig. 5, 6 and 7). Whereas relations between Sd 
as well as Su and the clearness index and sun elevation 
intervals were linear, the same for Ld as well as Lu was 
square (slope and correlation coefficient for determined 
relationships are shown in Tab. 3). A strong linear rela-
tionship was found between the Rn of spruce stand and 
the clearness index at all chosen sun elevation intervals 
(Fig. 7). This finding once again supports the impor-
tance of the downward short-wave radiation on final 
spruce stand net radiation.

Because of the direct connection to the solar radia-
tion, the values of Sd, Su and Rn were increasing together 
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Fig. 4. Daily sums of short-wave (Rnsw) and long-wave (Rnlw) radiation balance and net radiation (Rn) of the spruce stand 
during the growing season (May–October) in the 2008 
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with the increasing clearness index and sun elevation 
(Fig. 5, 7). However, values of Ld were decreasing with 
increasing clearness index and increasing with increas-
ing sun elevation. This finding well documents the situ-
ation when clear sky produces small fraction of long-
wave radiation (low occurrence of clouds), shorter path 
of sun beam during higher sun elevation is connected 
with higher illumination. The values of Lu were increas-
ing with sun elevation (except sun elevation interval of 

11– 30º). The trajectory of the relationship between Lu 
and the clearness index is similar to obtained relations 
for short-wave radiation and Rn. By the acceptance of 
the premise, that Lu values are a form of energy dissipa-
tion manifestation within forest stand, this finding is not 
surprising (Fig. 6). 

A forest stand as a distinctive spatial unit shows 
huge energy exchange strongly related to the solar ra-
diation input. External conditions, particularly atmos-
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Fig. 5. Relationship between the downward short-wave radiation incident (Sd) and upward short-wave radiation reflected by the 
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season (May–October) in 2008 
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pheric transparency characterized by the values of the 
clearness index affects the participation of the long-
wave radiation on the whole radiation budget. Thus, 
from the point of view of the autotrophic energy con-
version into energy of chemical bounds the favorable 
participation of the short-wave energy rich radiation is 
of great advance from the photosynthetic activity point 
of view (Marek et al.1999; Šprtová and Marek 1999; Ur-
ban et al. 2008). Forest stand long-wave radiation bal-
ance is connected with the temperature regime affect-
ing especially respiration and stand evapotranspiration. 
The importance of short-wave radiation and positive net 
radiation in the investigated spruce forest stand energy 
balance is evident. 

Tab. 3. Slope and correlation coefficient (r2) for determined 
relationship between the amount of net radiation components 
(Sd, Su, Ld, Lu) and total net radiation (Rn) of the studied 
spruce stand and clearness index for chosen sun elevation 
intervals during the growing season (May–October) in the 
2008

Sd Su Ld Lu Rn

Su
n 

el
ev

at
io

n

0–
10

° slope  12.4 2.4  2.2 –1.4 –

r2  0.85  0.98  0.96  0.82 –

11
–2

0° slope  41.8 4.7  0.8 –1.1 20.6

r2  0.98  0.98  0.98  0.92  0.83

21
–3

0° slope  58.4 6.0  –0.4 –2.2 39.1

r2  0.99  0.98  0.99  0.79  0.98

31
–4

0° slope  78.1 6.7 –70.8 –1.8 56.9

r2  0.99  0.99  0.99  0.87  0.99

41
–5

0° slope  95.8 7.7  –1.1 –1.7 74.3

r2  0.99  0.99  0.96  0.93  0.99

51
–6

0° slope 108.2 8.7  –0.8 –1.2 86.9

r2  0.99  0.99  0.97  0.97  0.99

61
–7

0° slope 117.3 9.7  0.1 –0.9 94.4

r2  0.99  0.99  0.92  0.98  0.97

Deeper investigation of the net radiation balance 
brings an improvement of the production models di-

rectly used in forestry or in an evaluation of the forest 
stands ecosystems services.
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AcKnowledgeMent

The Ministry of Education, Youth and Sports of the 
Czech Republic (Project No. MSM 6215648902) finan-
cially supported this research.

references

Alados I., Foyo-Moreno I., Olmo F.J., Alados-Arboleda 
L. 2003. Relationship between net radiation and so-
lar radiation for semi-arid shrub-land. Agricultural 
and Forest Meteorology, 116(3– 4), 221– 227.

Anthoni P.M., Law B.E., Unsworth M.H., Vong R.J. 
2000. Variation of net radiation over heterogeneous 
surfaces: measurements and simulation in a juni-
per-sagebrush ecosystem. Agricultural and Forest 
Meteorology, 102, 275– 286.

Aubinet M., Grelle A., Ibrom A., Rannik Ü., Moncrieff 
J., Foken T., Kowalski A.S., Martin P.H., Berbigier 
P., Bernhofer Ch., Clement R., Elbers J., Granier 
A., Grünwald T., Morgenstern K., Pilegaard K., 
Rebmann C., Snijders W., Valentini R., Vesala T. 
2000. Estimates of the Antal net carbon and wa-



Folia Forestalia Polonica, series A, 2011, Vol. 53 (2), 114–122

Net radiation of mountain cultivated Norway spruce [Picea abies (L.) Karst.] stand… 121

ter exchange of European forests: the EUROFLUX 
methodology. Advances in Ecological Research, 
30, 113– 175.

Baldocchi D.D., Falge E., Lianhong G., Olson R., Hol-
linger D., Running S., Anthoni P., Bernhofer Ch., 
Davis K., Evans R., Fuentes J., Goldstein A., Katul 
G., Law B., Lee X., Malhi Y., Meyers T., Munger 
W., Cechel W., Paw U.K.T., Pilegaard K., Schmid 
H.P., Valentini R., Verma S., Vesala T., Wilson K., 
Wofsy S. 2001. FLUXNET: A new tool to study 
the temporal and spatial variability of ecosystem 
– scale carbon dioxide, water vapor and energy flux 
densities. Bulletin of the American Meteorological 
Society, 82, 2415– 2434.

Baldocchi D.D., Law B.E., Anthoni P.M. 2000. On mea-
suring and modeling energy fluxes above the floor 
of a homogenous and heterogenous conifer forest. 
Agricultural and Forest Meteorology, 102 (2– 3), 
187– 206.

Beringer J., Chapin III F.S., Thompson C.C., McGuire 
A.D. 2005. Surface energy exchanges along a tun-
dra-forest transition and feedbacks to climate. 
Agricultural and Forest Meteorology, 131 (3– 4), 
143– 161.

Betts A.K., Desjardins R.L., Worth D. 2007. Impact of 
agriculture, forest and cloud feedback on the sur-
face energy budget in BOREAS. Agricultural and 
Forest Meteorology, 142 (2– 4), 156– 169.

Eck T.F., Deering D.W. 1992. Canopy albedo and trans-
mittance in a spruce-hemlock forest in mid-Sep-
tember. Agricultural and Forest Meteorology, 59 
(3– 4), 237– 248.

Falge E., Reth S., Brüggemann N., Butterbach-Bahl 
K., Goldberg V., Oltchev A., Schaaf S., Spindler 
G., Stiller B., Queck R., Köstner B., Bernhofer 
Ch. 2005. Comparison of surface energy exchange 
models with eddy flux data in forest and grassland 
ecosystems of Germany. Ecological Modelling, 188 
(2– 4), 174– 216. 

Flerchinger G.N., Xiao W., Sauer T.J., Yu Q. 2009. 
Simulation of within-canopy radiation exchange. 
NJAS – Wageningen. Journal of Life Sciences, 57 
(1), 5– 15.

Fussler J.S. 1998: On the Interaction between Atmo-
sphere and Vegetation under Increasing Radiative 
Forcing: A Model Analysis (Dissertation). Zurich, 
Swiss Federal Institute of Technology.

Gavilan P., Berengena J., Allen R.G. 2007. Measur-
ing versus estimating net radiation and soil heat 
flux: Impact on Penman–Monteith reference ET 
estimates in semiarid regions. Agricultural Water 
Management, 89 (3), 275– 286.

Gholz H.L., Clark K.L., 2002. Energy exchange across 
a chronosequence of slash pine forests in Florida. 
Agricultural and Forest Meteorology, 112 (2), 
87– 102.

Jarvis P.G., James G.B., Landsberg J.J. 1975. Conifer-
ous forest. Vegetation and the Atmosphere (ed.: 
J.L. Monteith), Vol. 2, Academic Press, London-
New York-San F rancisco, 171– 240. 

Marek M.V., Šprtová M., Špunda V., Kalina J. 1999. 
Response of sun versus shade foliage photosyn-
thesis to radiation in Norway spruce. Phyton, 39, 
131– 138. 

Marková I., Janouš D., Marek M. 2006. Total net radia-
tion of the mountain Norway spruce stand at Bílý 
Kříž (the Czech Republic). Ekológia (Bratislava), 
25 (4), 352– 365. 

McCaughey J.H. 1978. Estimation of net radiation for 
a coniferous forest, and the effects of logging on net 
radiation and the reflection coefficient. Canadian 
Journal of Forest Research, 8 (4), 450– 455.

Monteith J.L., Unsworth M.H. 1990. Principles of Envi-
ronmental Physics. Edward Arnold, Hodder Head-
line PLC, London.

Oliphant A.J., Spronken-Smith R.A., Sturman A.P. 
2003. Spatial variability of surface radiation fluxes 
in mountainous terrain. Journal of Applied Meteo-
rology, 42, 113– 118.

Oliphant A., Susann C., Grimmond B., Schmidt H.-P., 
Wayson C.A. 2006. Local-scale heterogeneity of 
photosynthetically active radiation (PAR), absorbed 
PAR and net radiation as a function of topography, 
sky conditions and leaf area index. Remote Sensing 
of Environment, 103 (3), 324– 337.

Rannik Ü., Kolari P., Vesala T., Hari P. 2006. Uncertain-
ties in measurement and modelling of net ecosys-
tem exchange of a forest. Agricultural and Forest 
Meteorology, 138 (1– 4), 244– 257.

Šprtová M., Marek M.V. 1999. Response of photosyn-
thesis to radiation and intercellular CO2 concen-
tration in sun and shade shoots of Norway spruce. 
Photosynthetica, 37, 442– 445.



Folia Forestalia Polonica, series A, 2011, Vol. 53 (2), 114–122

Irena Marková and Michal V. Marek122

Tajchman S.J. 1972. The radiation and energy balances 
of coniferous and deciduous forests. Journal of Ap-
plied Ecology, 9, 359– 375.

Urban O., Šprtová M., Košancová M., Tomášková I., Li-
chtenthaler H.K., Marek M.V. 2008. Comparison of 
photosynthetic induction and transient limitations 

during the induction phase in young and mature 
leaves from three poplar clones. Tree Physiology, 
28, 1189– 1197.

Vaníček J. 1994. Description of the radiation field of 
global radiation at the Czech Republic area in the 
1984– 1993. NPK, Praha (in Czech).


