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Abstract: Radiation is a major driver to the carbon, 
water, and energy exchanges of an ecosystem. For 
local radiation balance measurements, one essential 
question is whether the measurement systems should 
be installed horizontally or parallel to inclined slope 
surface. With a case study over a temperate deciduous 
forest on a moderate inclined (9°) northwest-facing 
slope, we quantified the slope effect on net radiation 
(Rn) and its components and the energy balance 
closure measured by an eddy covariance (EC) system. 
Compared with the slope-parallel radiometer, the 
horizontal sensor overestimated the incident solar 
radiation (SR) by 7%, the incoming photosynthetically 
active radiation (PAR) by 1.5%, and the incoming 
near-infrared radiation (NIR) by 10%; while 
underestimated the reflected shortwave radiation (SR) 
by 4% and NIR by 5%. The influence of radiometer-
orientation on incoming longwave radiation (LR) was 
about 3%, while that on outgoing LR was negligible. 
Summing all these components, horizontal sensor 
overestimated the Rn by 9%. Converting the 
horizontally-measured incident radiation to slope-

surface reduced a half of the biases on incoming SR 
and Rn. Measuring the Rn with slope-parallel 
radiometer and correcting the slope-effect on 
horizontally-measured incident SR improved the 
energy balance ratio (EBR) by 8% and 5%, 
respectively. A mini-review indicated that, the 
horizontal sensor underestimated (overestimated) the 
EBR on north-facing (south-facing) slopes in 
temperate zone in the Northern Hemisphere, with an 
inclination angular sensitivity of EBR as high as 1.17% 
per degree of inclination angle. We recommend 
measuring radiations on inclined terrains with slope-
parallel radiometers, or correcting at least for the 
incident SR in energy balance studies. 
 
Keywords: Radiation; Sloping terrain; Energy 
balance closure; Eddy covariance 

1    Introduction  

The climate is fundamentally determined by the 
magnitude and distribution of the radiation budget of 
the Earth (Trenberth et al. 2009). Radiation budget 
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determines the net energy into an ecosystem, thus is a 
prerequisite factor for ecosystem processes such as 
the carbon and water exchanges between the 
atmosphere and ecosystem (Bala et al. 2007). 
Therefore, accurately measuring radiation 
components on diverse surfaces is fundamental to 
quantify and simulate climate change and ecosystem 
carbon, water, and energy budgets (Bai and Zong 
2021; Xu et al. 2021; Yan et al. 2021). 

Radiometer is the most common instrument for 
measuring local radiation budget (Olmo et al. 1999; 
Wohlfahrt et al. 2016), which is often installed 
horizontally due to the operational advantages 
(Whiteman et al. 1989). On mountainous regions that 
cover one quarter of the Earth's land surface (Barry 
2008), however, horizontally-installed radiometers 
may be inappropriate (Olmo et al. 1999; Wohlfahrt et 
al. 2016), because their hemispherical viewing angles 
are not parallel to the radiation received or reflected 
by the underlying surfaces (Hoch and Whiteman 
2010). Topography may influence radiation 
components (e.g., visible, near-infrared, and 
longwave radiations) (Matzinger et al. 2003; Holst et 
al. 2005) to some degree, depending upon the 
geographical location and topographical geometry. 
Nevertheless, few studies assess effects of sensor-
orientation on radiation components on non-flat 
terrain, although they have contrasting environmental 
biophysical meanings. 

The eddy-covariance (EC) method has been used 
to directly measure the net exchange of carbon, water 
and energy between the atmosphere and ecosystem 
(Baldocchi et al. 2001; Aubinet et al. 2012). In the 
FLUXNET (Schimel et al. 2015), most anemometers 
for the EC systems and accompanied radiation 
sensors were installed horizontally, even over sloping 
terrains. One key correction conducted for the 
turbulent flux calculation on sloping terrains is the 
tilt-correction, i.e., rotating the anemometer’s 
coordinate framework to perpendicular to the mean 
streamlines, usually using planar-fit or double 
rotation (Aubinet et al. 2012; Leuning et al. 2012). 
However, the radiation measurements are generally 
not corrected to the same plane as does the turbulent 
energy flux. As a result, the net or available radiation 
is often out of phase with the turbulent energy flux 
[the sum of sensible (H) and latent heat (LE) fluxes], 
leading to biased energy balance closure (EBC) (e.g., 
Serrano-Ortiz et al. 2016; Wohlfahrt et al. 2016). 
There are two potential solutions to this problem: (1) 

measuring the net all-waveband radiation (Rn) with a 
slope-parallel instrumentation (Matzinger et al. 2003; 
Wohlfahrt et al. 2016), or (2) converting the 
horizontally-measured Rn into a slope-parallel 
framework by mathematical transformations 
(Hammerle et al. 2007; Hiller et al. 2008; Zitouna-
Chebbi et al. 2012; Serrano-Ortiz et al. 2016; 
Wohlfahrt et al. 2016), which is like the “tilt-
correction” in the EC method. The effect of these 
approaches, however, needs more assessment 
(Serrano-Ortiz et al. 2016; Moderow et al. 2021). First, 
the turbulent heat fluxes are perpendicular to the 
streamlines of the airflow, may be not the exactly local 
terrain-inclination (Sun 2007). Second, converting 
the horizontally-measured radiations to sloping 
coordinates needs to know its direct and diffuse 
components, which are often poorly modeled in the 
literature (e.g., Wohlfahrt et al. 2016). Comparisons 
between these approaches will not only help correct 
historical data using better models, but also provide 
an appropriate method to guide future studies. 

The radiation energy balance is mainly composed 
of four components, i.e., incoming and outgoing 
shortwave (or solar radiation, 300–2800 nm, SR) and 
longwave (4.5–42 μm, LR) radiations, respectively, 
which have different effects on the climate and 
ecosystem processes. Moreover, many land-surface 
models (e.g., Sellers et al. 1996; Liang et al. 2003) 
divide the SR into visible (or photosynthetically active 
radiation, PAR, 400–700 nm) and near-infrared 
radiation (NIR, 700–2800 nm) due to their 
contrasting biophysical meanings (Weiss and Norman 
1985). Therefore, examining sensor-orientation 
effects on radiation components of different 
wavelengths would be useful for understanding and 
modeling ecological processes. To date, however, no 
corrections for topographic effects on radiation fully 
account for the radiation components. For example, 
Serrano-Ortiz et al. (2016) quantified the slope-effect 
on the Rn without its components. Holst et al. (2005) 
reported that the differences between the reflected SR 
measured with slope-parallel and horizontal sensors 
were relatively small compared with the incoming SR, 
but the deviations between both sensors were 
sometimes up to 20%. However, studies rarely 
reported the topographic effects on PAR, NIR and LR 
components. 

In this paper, we compared the Rn and its 
components as well as the albedos measurements 
between horizontal and slope-parallel radiometers, 
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and assessed their effects on the EBC in a temperate 
deciduous forest on a sloping terrain. Our objectives 
were to: (1) quantify the sensor-orientation effect on 
radiation components (i.e., PAR, NIR and LR); (2) 
compare direct measurements of radiation with slope-
parallel sensors versus slope-corrected radiation 
values measured with horizontal sensors; and (3) 
explore the effect of the general patterns of sensor-
orientation on the EBC across sites with various slope 
azimuths and inclination angles by literature 
synthesis. 

2    Materials 

2.1 Site description 

The study was conducted at the Maoershan Forest 
Ecosystem Research Station of Northeast Forestry 
University, Heilongjiang Province, Northeast China. 
The climate is continental monsoon, with mean 
(2008–2018) annual air temperature of 2.0°C, and 
mean annual precipitation of 676 mm (Liu et al. 
2021a). A 48-m-high EC tower was set up at the low-
part of the south-west sidewall of a northeast-
southwest valley with ~2 km wide and ~240 m deep 
(Fig. 1). The forest around the tower was a 70-year-
old temperate broadleaved deciduous stand with a 
20-m canopy height. The mean inclination angle of 

slope around the tower is ~9° (Wang et al. 2015), and 
the slope azimuth is northwest (~296°). The mean 
maximum leaf area (semi-surface leaf area) index of 
the stand, measured with the litterfall collection 
method from nine 20 m × 30 m permanent plots, was 
6.3 ± 0.8 (SD) m2 m−2 in 2016 (Liu et al. 2021b). 

2.2 Instrumentation and data collection 

The Rn and its components were determined by 
duplicate sensors in two configurations (Fig. 2), one 
horizontal and the other parallel to the surface 
(Serrano-Ortiz et al. 2016). For each configuration, 
the Rn and energy balance of four radiation 
components, i.e., incoming shortwave (SR) and 
longwave (LR) versus outgoing shortwave (SR) and 
longwave (LR) radiation, were measured with the 
CNR4 (Kipp & Zonen, the Netherland). In addition, 
the incoming and outgoing PAR were also measured 
with a pair of PQS1 sensors (Kipp & Zonen, the 
Netherland), one facing up and the other facing down 
with both vertical and slope-normal orientations. All 
radiometers were installed at 48 m height on 
supporting booms pointing to the up-slope direction. 
Because of the slope-angle increase along the upslope 
direction, the 9°-inclination of the slope-parallel 
sensors at 48 m height at the slope-toe is roughly 
parallel to the angle of the measurement point to the 

 
Fig. 1 Contour map of the study site at the Maoershan eddy flux tower site. 
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ridge of the slope relative the horizontal, which pre 

vent significant illumination of the downward sensors 
at low solar elevations in the morning. A side-by-side 
comparison of each paired-radiometer was conducted 
for six months before the measurements started to 
ensure that the subsequent inter-comparisons 
between the orientations were minimally affected by 
any drift. Linear models with the ordinary least 
square regression (all deviation of the slope with one 
≤ 1.8%, offset ≤ 1.8 W m−2, R2 ≥ 0.997, and RMSE ≤ 
7.5 W m−2) were used to remove the relative biases of 
all slope-parallel radiometers with reference to the 
horizontal counterparts. 

To calculate the available energy, four soil heat-
flux plates (HFP01SC, Hukseflux, Delft, Netherlands) 
were installed parallel to the ground surface at the 8-
cm depth (Serrano-Ortiz et al. 2016). To calculate the 
energy storage above the heat-flux plates, two pairs of 
soil temperature probes (TCAV, Campbell Scientific, 
USA) were installed at the 2- and 6-cm depth, 
respectively; and two TDRs for measuring soil water 
content (CS616, Campbell Scientific, USA) were 
inserted at the 4-cm depth (Serrano-Ortiz et al. 2016). 

The turbulent fluxes were measured with the EC 
method. An open-path EC system was installed at 36 
m height, with the CSAT3 (Campbell Scientific Inc, 
Logan, Utah, USA) horizontally and the LI-7500 (Li-
Cor Inc, Lincoln, NE, USA) mounted vertically. The 
original data were recorded at a frequency of 10 Hz 
with a datalogger (CR3000, Campbell Scientific Inc, 
USA). 

3    Data Processing 

The analyses were based on the data from the 
whole leaf-on season (from May 3 to October 10, 
2016) with the data coverage of 100% for the 
radiation and 67% for the turbulent energy fluxes. 

3.1 Radiation 

The budget for each radiation component (net 
SR, PAR, NIR, and LR) was calculated as the 
difference between the incoming and outgoing 
components. The NIR was calculated by subtracting 
the PAR from the SR. The PAR in photon flux density 
(μmol photons m−2 s−1) was converted to energy flux 
density (W m−2) using conversion factors of 0.2195 J 
μmol−1 for incoming PAR and 0.2072 J μmol−1 for 
outgoing PAR (Ross and Sulev 2000). 

To compare between the two ways for correcting 
the topographic effect on radiation balance i.e., 
directly measuring with a slope-parallel sensor versus 
converting radiation measured with a horizontal 
sensor to the slope-surface, the horizontally measured 
radiation was rotated to the slope coordinate with 
various methods. For completeness, the detailed 
slope-correction methods were given in Appendixes 1-
3. For this conversion, the diffuse SR, outgoing SR, 
incoming and outgoing LR were treated as isotropic 
based on our results. Considering the accuracy is not 
sensitive to model-selection (Appendix 4), we adopted 
a series of common empirical equations (Liu and 
Jordan 1963; Spitters 1986; Alados and Alados-
Arboledas 1999). Briefly, the horizontally measured 
incoming SR was partitioned into solar beam (direct) 
and diffuse radiation using the method by Spitters et 
al. (1986), then the direct radiation was rotated 
perpendicular to the slope surface (Liu and Jordan 
1963), and finally the slope-normal incoming SR was 
obtained by summing the simulated slope-normal 
direct incoming SR and the diffuse incoming SR. The 
diffuse component of incoming PAR from diffuse 
incoming SR was estimated by the method proposed 
by Alados and Alados-Arboledas (1999). 

3.2 Energy balance closure 

The H and LE fluxes were calculated with the flux 
measurement procedures (Aubinet et al. 2012), 
including despiking, time-lag removing, planar-fit tilt 
correction, frequency response correction, WPL 

Fig. 2 Photograph of installations of radiation sensors. 
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correction, and quality control 
(Wang and Wang 2016). The 
EBC was formularized by the 
first law of thermodynamics as: 

𝐻 LE 𝑅 𝐺 𝑆 𝑄                    
(1) 

The left-hand side of Eq. 
(1) is the turbulent energy 
fluxes (sum of the H and LE 
measured with the EC system), 
whereas the right-hand 
represents the available energy, 
including the net radiation (Rn), 
the soil heat flux (G0, calculated 
by summing the heat fluxes 
measured at the 8-cm depth of 
the mineral soil and the energy 
stored in the layer above the 
heat-flux plates), the heat 
storage (S) between the soil 
surface and the EC system (36 
m), and the sum of additional 
energy sources and sinks (Q). 
In this study, S was neglected in 
comparison between sensor-
orientations as did at most sites 
due to impractical 
measurements (Wilson et al. 
2002; Stoy et al. 2013), and Q was neglected because 
of its small magnitude (Jarvis et al. 1997). We 
assumed that ignoring S and Q would not influence 
the inter-comparison of the EBC between the sensor-
orientations because they were neglected for both 
methods. 

The EBC at the half-hour scale was evaluated by 
the linear regression coefficients (slope and intercept) 
of the major axis (MA) regression – an approach 
suitable as a consistency test between two variables or 
methods (Wang et al. 2016; Warton et al. 2006), 
between the turbulent energy and the available energy 
(Wilson et al. 2002). The EBC for the whole leaf-on 
season between horizontal and slope-parallel 
radiometers was assessed by the energy balance ratio 
(EBR):  

   EBR Σ 𝐻 LE /Σ 𝑅 𝐺          (2) 

Such bulk integration method minimized the 
effect of missing terms (S and Q), because the energy 
storage would cancel out at long-term scales (Jarvis et 
al. 1997; Stoy et al. 2013), as the temperature at the 

beginning (May 3) and the end (October 10) of the 
study period was close to each other. 

4    Results 

4.1 Diurnal variations in radiation 
components 

For the whole leaf-on season, the sensor-
orientation effect on the diurnal variations in 
radiation was more dramatic for incoming SR versus 
outgoing SR, while generally negligible for both 
incoming and outgoing LR (Fig. 3). The slope-parallel 
sensor reduced the SR in the morning and early 
afternoon by ~50 W m−2 (Fig. 3a), but increased 
outgoing SR by ~1 W m−2 (Fig. 3b), leading to a 
reduced and lagged net SR (Fig. 3c). Further 
partitioning the SR into the PAR and NIR broadbands 
indicated that the time-lag in incoming SR was mainly 
caused by the incoming PAR component (Fig. 3d), but 
the amplitude reduction was largely derived from the 

 
Fig. 3 Mean diurnal variations in radiation components measured with horizontal 
and slope-parallel sensors in the leaf-on season (May 3 – October 10, 2016). The 
left, middle, and right panels are incoming, outgoing, and net radiations, 
respectively. (a) – (c) solar radiation (SR), (d) – (f) photosynthetically active 
radiation (PAR), (g) – (i) near-infrared radiation (NIR), (j) – (k) longwave 
radiation (LR), and (l) net radiation (Rn). The legends h, s and stc represent 
horizontal and slope-parallel sensors and tilt-corrected horizontal sensors, 
respectively. 
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incoming NIR (Fig. 3g). Both outgoing PAR and NIR 
were slightly enhanced by the slope-parallel sensors 
(Figs. 3e and 3h), leading to slightly lower amplitudes 
of the net PAR and NIR for the sloping-sensors (Figs. 
3f and 3i). The slope-parallel sensors only slightly 
reduced and lagged both incoming and outgoing LR 
(Figs. 3j and 3k). The horizontal radiometer 
overestimated the Rn in late-morning and midday by 
~50 W m−2, but underestimated the Rn in the 
afternoon by ~20 W m−2. 

4.2 Slope effect on radiation components 

Compared with slope-parallel sensors, horizontal 
sensors overestimated the Rn, net SR, incoming SR, 
net NIR, and incoming NIR by 9% (Fig. 4a), 8% (Fig. 
4b), 7% (Fig. 4c), 14% (Fig. 4h), and 10% (Fig. 4i), 
respectively, but underestimated the outgoing SR and 
NIR by 4% and 5%, correspondingly (Figs. 4d and 4j). 

Horizontal sensors overestimated the net PAR and 
incoming PAR only by 1.5% (Figs. 4e and 4f), but 
time-lagged much larger than the incoming NIR, as 
indicated by the wider oval shape of the scatter plots. 
Horizontal sensors underestimated incoming LR by 
~3%, with an intercept of 10.35 W m−2 (Fig. 4k), 
whereas that for outgoing LR was negligible (slope = 
0.997, intercept = 0.133 W m−2, R2 = 1.000). 
Therefore, horizontal sensors underestimated the net 
LR by 8%, with an intercept of −3.613 W m−2 (Fig. 4l). 

Converting the incoming SR and its components 
measured with horizontal sensors to the slope surface 
generally reduced the differences in incoming 
radiations and Rn between horizontal versus slope-
parallel sensors (Fig. 5). The “tilt-correction” for 
incoming SR and Rn reduced the corresponding errors 
by roughly 51% and 47%, respectively. And the “tilt-
correction” reduced the error in the incoming NIR by 
28%, while slightly changed the error in the incoming 

PAR. However, compared with 
the direct method (measuring 
with slope-parallel sensors), 
the slope-corrections 
overestimated the incoming 
SR, Rn and incoming NIR 
correspondingly by 3%, 5% 
and 8%, but underestimated 
incoming PAR by 2%. 

4.3 Energy balance 
closure 

Measuring the Rn with 
slope-parallel sensors and 
correcting slope-effect 
measured with the horizontal 
sensors both improved the 
agreement between the 
turbulent energy (H+LE) and 
the available energy (Rn-G0) 
(Figs. 6a and 6b). The 
maximum improvement (> 60 
W m−2) occurred at around 
11:00. The slope-parallel 
radiometer and topography-
correction also reduced the 
diurnal hysteresis loop (Figs. 
6c and 6d), but slope-parallel 
radiometer resulted in a better 
EBC (a slope closer to 1) 

 
Fig. 4 Major-axis regressions of radiation components measured with horizontal 
versus slope-parallel sensors in the leaf-on season (May 3 – October 10, 2016). (a) 
Net radiation (Rn), (b) net solar radiation (SR), (c) incoming SR, (d) outgoing SR, 
(e) net photosynthetically active radiation (PAR), (f) incoming PAR, (g) outgoing 
PAR, (h) net near-infrared radiation (NIR), (i) incoming NIR, (j) outgoing NIR, 
(k) incoming longwave radiation (LR), and (l) net LR. The slope (α), intercept (β), 
and R2 are given for each radiation component. The dotted line represents 1:1 line.
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versus the tilt-correction. The MA regressions showed 
that, the slope-parallel radiometer improved the 
explained variance (R2) by 2.6%, and increased the 
slope forced through the origin for the half-hour 
measurements by 7.9% (from 0.678 to 0.757, Table 1). 
Slope-corrected Rn improved the MA slope by a less 
amount of 4.4%. The slope-parallel radiometer and 
the simple slope-correction increased the EBR by 8.4% 
and 5.2%, respectively. 

5    Discussion 

5.1 Radiometer-orientation effect on radiation 
components in the mountainous terrain 

We found that the radiometer-orientation effect 
on incoming SR was greater than on incoming LR 
(Fig. 3), consistent with previous studies (Holst et al. 

2005; Wohlfahrt et al. 2016). However, further 
component partitioning showed that radiometer-
orientation had a contrasting effect on daily means 
and time-lags of the PAR versus the NIR wavebands 
(Fig. 3). At our site, the slope-parallel radiometer 
caused a large phase-shifting in incoming PAR due to 
the large azimuth angle (116° from the south), but 
only 1.5% reduction in the sums of incoming PAR 
(Fig. 4f) mainly due to canceling effect between the 
morning down-regulation and afternoon up-
regulation introduced by the small inclination angle 
(9°). In contrast, it resulted in 10% reduction in the 
sum of incoming NIR, but only produced a small 
phase-shifting in its diurnal pattern (Fig. 3g). Such a 
diurnal asymmetry for incoming SR and its 
components should be considered in the simulations 
of radiation budget, carbon and water cycling on 
complex terrains (Wang et al. 2005), because of the 
different ecological functions of PAR and NIR. 
Compared with sunny slopes, the reduction in NIR 
but not PAR on the shady slope indicated that the 
thermal effect of NIR (and thus suppressed 
temperature increase and water consumption) would 
be reduced but kept similar PAR for photosynthesis. 
This slope effect of SR components partly interprets 
that why the water conditions in temperate shady 
slope is better than that in sunny slope. In addition, 
the phase-shifting in PAR indicated that a potential 
influence in the light response curve of net ecosystem 
exchange of CO2 and thus the light use efficiency. This 
direct effect on radiation and indirect effect on water 
conditions of slope should be considered in forest 
management particularly silviculture. 

The small difference in outgoing SR (4%) 
between the horizontal and slope-parallel sensors (Fig. 
4d) led to a marginal effect on Rn (< 1%), because of 
the small SR albedo (~0.15) caused by the dense 
canopy. It is reasonable to assume that the outgoing 
SR is isotropic for most EC sites. However, the effect 
could increase with increasing inclination angle 
(Holst et al. 2005). 

The sensor-orientation effect on LR is quite 
different from that on SR. The slightly decrease in 
incoming LR in the morning may due to the west side-
wall of the valley decreasing the angular exposure to 
the radiating sky of the inclined sensor. During the 
afternoon and the nighttime, however, the warmer 
opposite slope over-compensated the decreased sky 
view factor, and thus caused slightly more LR for the 
slope-parallel than the horizontal sensors (Whiteman 

Fig. 5 Major-axis regressions of measured versus tilt-
corrected radiation components in a slope-parallel 
coordinate framework in the leaf-on season (May 3 – 
October 10, 2016). (a) Incoming solar radiation (SR), (b) 
net radiation (Rn), (c) incoming photosynthetically 
active radiation (PAR), and (d) incoming near-infrared 
radiation (NIR). 
 
Table 1 Summary of the major axis regression forced 
through the origin (zero intercept) between the 
turbulent energy (H + LE) and the available energy (Rn − 
G0) measured with horizontal and slope-parallel sensors 
and tilt-corrected horizontal sensors.  

Sensor orientation R2 Slope EBR 
Horizontal 0.856 0.678 0.773 
Surface-parallel 0.882 0.757 0.857 
Tilt-corrected 0.883 0.722 0.825 
Notes: Rn, G0, H, and LE are net radiation, soil heat, 
sensible heat, and latent heat fluxes, respectively. EBR 
is energy balance ratio [Eq. (2)]. Both regressions are 
highly significant (N = 52203, P < 0.001). 
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et al. 1989; Matzinger et al. 2003; Hoch et al. 2011). 
The little difference in outgoing LR between the two 
sensor-orientations in this study and the literature 
(Holst et al. 2005; Whiteman et al. 1989) suggested a 
negligible effect of sensor-orientation on outgoing LR. 

The phase-shifts in the slope-corrected SR 
and/or Rn relative to the horizontal measurements 
depend on the nature of slope aspect (Hoch and 
Whiteman 2010). The phase-shifts to a postnoon 
maximum often occur on west-facing slopes (Fig. 2; 
Matzinger et al. 2003; Hiller et al. 2008; Serrano-
Ortiz et al. 2016; Wohlfahrt et al. 2016), while the 
shifts to a prenoon peak occur on east-facing slopes 
(Whiteman et al. 1989; Holst et al. 2005; Hammerle 
et al. 2007). Since the incoming SR dominates the Rn 
(Fig. 2; Matzinger et al. 2003; Hoch and Whiteman 
2010), and is the component most affected by slope 
(Fig. 4), accounting for the topographic effect on 
incoming SR may yield reasonable results, but likely 
introduce bias on steep slopes (Serrano-Ortiz et al. 
2016). 

The “tilt-corrected” horizontal measurements 
produced reasonable result for incoming SR, and PAR 
as well as Rn, but relatively poor for NIR (Figs. 3 and 
5). This might be attributed to: (1) The simple 
empirical models of diffuse radiation correlation had 
a typical error of 20%–30% (Jacovides et al. 2006; 

Gueymard and Ruiz-Arias 2016), 
which was large for accurate modeling 
purpose (e.g., Wohlfahrt et al. 2016). 
(2) Converting the diffuse radiation to 
the slope ignored the different 
fractions of the sky and the 
surrounding terrain, and the isotropic 
assuming for both sky diffuse and 
reflected radiation (Liu and Jordan 
1963) was too simple to accurately 
simulate its diurnal patterns (Yang 
2016). (3) Using the constant 
conversion factors of 0.2195 J μmol−1 
for incoming PAR (Ross and Sulev 
2000) across all sky conditions might 
also introduce uncertainty at the half-
hour time-scale. And separating the 
proportion of PAR from the modeled 
diffuse SR using empirical model 
could ensure the compatibility of PAR 
and SR, but would introduce further 
uncertainties by error propagation. 
We had shown similar results between 

various partitioning equations of diffuse PAR, and 
they resulted in similar results (Appendix 4). (4) 
Calculating NIR by subtracting PAR from SR might 
introduce further uncertainties to NIR by error 
propagation. Despite of these errors, our findings 
implied a strong necessary to partition SR into PAR 
and NIR. In-situ measuring the diffuse radiation 
would help produce good agreement between 
simulation and measurement (Whiteman et al. 1989). 

5.2 Radiometer-orientation effect on the 
energy balance closure in the 
mountainous terrain 

The energy imbalance at forest sites seems to be a 
universal problem. Our best estimate of EBR for the 
leaf-on season (0.86), after accounting the 
orientation-effect on the Rn, is very similar to that 
reported in the FLUXNET synthesis (Stoy et al. 2013): 
0.84 for 173 sites, 0.83 for 88 forest sites; while the 
yearly EBR at the former without accounting the 
influence of topography on Rn in 2011 (0.69; Wang 
and Wang 2016) is close to the mean at the deciduous 
forest sites (0.70; Stoy et al. 2013). The question we 
would ask is what are the potential error sources of 
the energy imbalance. Measuring Rn with slope-
parallel radiometer (Serrano-Ortiz et al. 2016; 

 
Fig. 6 Mean diurnal patterns of the turbulent energy (H + LE) and the 
available energy (Rn − G0) measured with horizontal sensors (a) and with 
slope-parallel sensors or slope-corrected horizontal sensors (b), and the 
corresponding hysteresis curves (c, d) during the leaf-on season (May 3 – 
October 10, 2016). Rn, G0, H, and LE are net radiation, soil heat, sensible 
heat, and latent heat fluxes, respectively. 
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Wohlfahrt et al. 2016) or correcting only incoming SR 
(Hammerle et al. 2007; Hiller et al. 2008) might both 
reduce the diurnal hysteresis and improve the balance 
between the available energy and the turbulent energy, 
but we found the former was better (Fig. 6 and Table 
1). Besides, other potential contributors to the EBR 
imbalance may include exclusion of the storage flux 
term (Leuning et al. 2012), underestimation of low 
frequency covariance by insufficient average period 
(Finnigan et al. 2003), influence of advections or 
mesoscale circulations (Rotach et al. 2014) induced by 
the landscape scale heterogeneity of topography or 
vegetation (Stoy et al. 2013), or/and the 
underestimation of the vertical velocity fluctuation 
that affects the estimation of the turbulent energy 
fluxes (Frank et al. 2013). In forest ecosystems, 
however, the biomass energy storage is difficult to 
measure; the G0 contributes only minor to the overall 
available energy compared with Rn because of the 
dense canopy. 

Is there any key factor driving the slope effect on 

EBR across sites? To address this question, we 
compiled all published and our data (Table 2). We 
found that the slope effect was slope-aspect-
dependent. Theoretically, in the northern hemisphere, 
horizontal sensors overestimate the available energy 
of the ecosystem on north-facing slopes (Table 1 and 
Zitouna-Chebbi et al. 2012), but underestimate it on 
south-facing slopes. Correcting slope effect 
systematically reduced the EBR on south-facing 
slopes, but increased it on north-facing slopes (Table 
2). This contrasting slope-aspect effect between 
south- and north-facing slopes agrees well with the 
theoretical inference (Zitouna-Chebbi et al. 2012; 
Serrano-Ortiz et al. 2016). However, accounting the 
topographic effect on Rn or only on incoming SR may 
either increase or decrease the slope of ordinary least 
square regression, which might be interfered by the 
large decrease in the intercept of the linear regression 
(Table 2). We recommend assessing the EBC either 
using the regression slope by forcing the regression 
line through the origin (Leuning et al. 2012), or using 

Table 2 Comparisons of the effect of correcting horizontally measured radiations on energy balance closure across 
sites in the literature. The Δslope, ΔIntercept, and ΔR2 represent the changes in the slope, intercept, and R2 of the 
ordinary least square regression of the turbulent energy flux (H + LE) on the available energy (Rn − G0) after 
accounting the slope-effect, respectively. The EBR is the energy balance ratio calculated by Eq. (5). The values at the 
Kamech A and Kamech C sites were estimated based on the changes in net radiation. All dataset had a measurement 
period of one to five months. The values are either cited from the literature or recalculated form the half-hour data 
shared with the authors (notes with*). 

Site Lat. 
(°N) Vegetation Slope 

aspect 
Inclination 
angle ΔSlope ΔIntercept

(W m-2) ΔR2 ΔEBR Tilt-corrected 
EBR Reference

Kaserstattalm, 
Austria 47.13 Grassland ESE 

(116°) 24° −0.05 −38 0.14 −0.25 0.73 Hammerle 
et al. 2007

Crap Alv, 
Switzerland* 48.58 Grassland SSW 

(205°) 25° 0.08 −60 0.17 −0.24 0.84 Hiller et al. 
2008 

Venosta Valley, 
Italy* 

46.48 Grassland WSW 
(255°) 

24° 0.03 -9 0.08 −0.34 0.98 Wohlfahrt 
et al. 2016

Sierra Nevada 
National Park, 
Spain* 

36.97 Grassland SW 
(227°) 10° −0.08 −28 0.19 −0.19 1.32 

Serrano-
Ortiz et al. 
2016 

Kamech 
catchment A, 
Tunisia 

36.88 Cropland SE 8°    −0.11 0.91 
Zitouna-
Chebbi  
et al. 2012

Kamech 
catchment C, 
Tunisia 

36.88 Cropland NW 5°    0.12 0.82 
Zitouna-
Chebbi  
et al. 2012

Bílý Kříž, Czech 
Republic 

49.51 Forest SSW −13° −0.11  0.04 −0.13 0.71 McGloin 
et al. 2018

Rájec, Czech 
Republic 49.44 Forest NEE 5° 0.01  0 0 0.73 

McGloin 
et al. 2018

Štítná, Czech 
Republic 49.03 Forest WSW −10° 0.05  0.02 −0.07 0.61 McGloin 

et al. 2018
Ritten/Renon, 
Italy 46.58 Forest S −11° 0.07 1 0 −0.08 1.16 Moderow 

et al. 2021
Maoershan, 
China 

45.40 Forest WNW 
(296°) 

9° 0.08 −2 0.04 0.08 0.86 This study
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the EBR (Stoy et al. 2013). 
Furthermore, we found a significant linear 

relationship of ΔEBR with the inclination angle by 
pooling the data across the 11 sites (Fig. 7), which had 
great implications on the EBR over sloping terrains. 
First, the regression slope indicated a sensitivity of 
(1.07±0.22)% of the EBR per degree of inclination 
angle, which was high for the global mean EBR of 
0.84 (Stoy et al. 2013). Second, the near-zero 
intercept (1.84 ± 3.29) suggested an unbiased 
estimate on flat terrains. Third, the high R2 (0.69) and 
relatively low RMSE (8.35%) of the linear model 
suggested its potential use for approximate 
corrections at other sites. The regression can be 
improved if the deviation of exact south or north of 
the aspect, the differences in treatment of intercept 
(forcing the regression line through the origin or not) 
were considered. Because of the high sensitivity of 
EBR to inclination angle across the sites (c.f. 
Wohlfahrt et al. 2016), we recommend measuring the 
Rn over sloping terrains with slope-parallel sensors; 
otherwise, at least correcting the incoming SR. The 
slope-correction of radiation might be hindered by 
rolling terrain, but we emphasize the basic 
assumption of uniform terrain for eddy covariance is 
also violated in very complex terrains. Encouragingly, 
Wohlfahrt et al. (2016) reported that accounting the 
spatial variability of inclination and aspect had 
similar effect in reducing the hysteresis and 
improving the agreement between available energy 
and the turbulent heat fluxes, as did the average 
inclination and aspect. 

The aspect-dependent and the high inclination-
angle sensitivity of slope effect on EBR also have 

implications for the eddy-flux corrections. Based on a 
detailed analyses of the uncertainties in available and 
turbulent energies, Twine et al. (2000) suggested 
adjusting the EBR to unit for calculating the energy 
and CO2 fluxes. However, we argue that the correction 
of slope effect on EBR in mountainous forest sites 
must be taken into consideration before performing 
any correction of the energy imbalance (turbulent 
energy deficit or surplus) for evapotranspiration 
(Jung et al. 2010), LE (Jung et al. 2011), or CO2 (Barr 
et al. 2006). 

6    Conclusions 

The effect of sensor-orientation on the diurnal 
variations in radiations was larger for incoming than 
outgoing radiations, and larger in SR than LR on the 
northwest-facing slope. The direct effect on radiation 
of slope and its subsequent influence on water 
conditions should be considered in forest 
management at least in temperate regions. Simple 
“tilt-correction” by converting the horizontally-
measured incident radiation to the slope-coordinate 
only reduced a half of the biases in incoming SR and 
Rn, indicating such simple conversion schedule should 
be improved. Measuring Rn with the slope-parallel 
radiometer or correcting the slope-effect on 
horizontally-measured incoming SR consistently 
reduced the diurnal phase-lag of the sum of sensible 
and latent heat flux relative to the available energy, 
and improved the EBR by 8% and 5%, respectively. A 
linear model based on a literature survey suggests 
that the sensitivity of error in EBR caused by 
inclination is estimated as high as 1.17% per degree of 
inclination angle, suggesting that a “tilt-correction” of 
Rn for EBR is indispensable over sloping terrains. For 
the energy balance related studies, we recommend 
measuring radiations and albedos over inclined 
terrains with slope-parallel radiometers at 
mountainous forest terrains. 
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