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QUANTIFICATION OF LEAF EMISSIVITIES
OF FOREST SPECIES: EFFECTS ON
MODELLED ENERGY AND MATTER
FLUXES IN FOREST ECOSYSTEMS

ABSTRACT. Climate change has distinct regional and local differences in its impacts on
the land surface. One of the important parameters determining the climate change signal
is the emissivity (€) of the surface. In forest-climate interactions, the leaf surface emissivity
plays a decisive role. The accurate determination of leaf emissivities is crucial for the
appropriate interpretation of measured energy and matter fluxes between the forest
and the atmosphere. In this study, we quantified the emissivity of the five broadleaf tree
species Acer pseudoplatanus, Fagus sylvatica, Fraxinus excelsior, Populus simonii and Populus
candicans. Measurements of leaf surface temperatures were conducted under laboratory
conditionsin a controlled-climate chamber within the temperature range of +8 °Cand +32
°C. Based on these measurements, broadband leaf emissivities € (e for the spectral range
of 8-14 um) were calculated. Average €q.14m Was 0.958+0.002 for all species with very little
variation among species. In a second step, the soil-vegetation-atmosphere transfer model
‘MixFor-SVAT" was applied to examine the effects of € changes on radiative, sensible and
latent energy fluxes of the Hainich forest in Central Germany. Model experiments were
driven by meteorological data measured at the Hainich site. The simulations were forced
with the calculated € value as well as with minimum and maximum values obtained from
the literature. Significant effects of € changes were detected. The strongest effect was
identified for the sensible heat flux with a sensitivity of 20.7 % per 1 % € change. Thus, the
variability of € should be considered in climate change studies.
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INTRODUCTION

Impacts of climate change on regional as
well as on local scales differ spatially sub-
stantially. Some of the reasons for this spa-
tial variability is local and regional as land
use and land cover differences as well land
use changes, which bring along variations
in surface properties (Pielke et al. 2011). The
impact of forest specific land use changes
such as anthropogenic deforestation and
the effect of forest biomes in general on
climate is extensively discussed in the sci-
entific literature (Alkama and Cecatti 2016;
Snyder et al. 2004 among many others).
The strength of the forest-climate interac-
tions and the magnitude of the contribu-
tion of the forest to climate variability and
to climate change depends strongly on for-
est properties such as canopy structure, al-
bedo, and surface roughness (Bonan 2008).
One of the important forest parameters is
the surface emission coefficient or emis-
sivity (g), which determines the radiation
emission via the Stefan-Boltzmann law,
and thus directly affects net radiation. That
in turn regulates the radiative cooling and
warming of the surface, and thus deter-
mines surface temperatures, which affect
the local and regional climate (Sabajo et
al. 2017). Information on surface emissivi-
ty is crucial for an accurate interpretation
of measured energy and matter fluxes be-
tween forest and the atmosphere, for the
interpretation of remote sensing data and
for an appropriate parameterization of bi-
omes in land surface models (Jin and Liang
2006).

For almost two decades, several studies
have focused on estimating specified emis-
sivity values for different land covers and
plant functional types (da Luz and Crowley
2007; Jin and Liang 2006; Valor and Caselles
1996). However, there is no consensus on
how to measure emissivity accurately be-
cause emissivity of forested surfaces may
vary with surface properties such as tree
species composition, plant growth stage,
surface roughness, leaf area index and wa-
ter content (Zhou et al. 2008). Aside from
that, the emissivity of a forest canopy as a
whole differs from that of individual leaves.
This is also true for monocultures, since the

canopy emissivity is defined by a composi-
tion of different surfaces such as the ones
of leaves, stems, understory plants and soil
and it is also affected by the “cavity effect”
(Jin and Liang 2006; Fuchs and Tanner
1966). For the direct estimation of broad-
band emissivity in the 8-13 um wavelength
band (smum) of individual leaves, Fuchs
and Tanner (1966) used infrared (IR)-ther-
mometer and 0.08 mm iron-constantan
thermocouples inserted into leaves of to-
bacco and snap bean to measure their leaf
surface temperature. They obtained €,
values of 0.971+0.002 and 0.957+0.005,
respectively. For dense canopies of tall
sudangrass and alfalfa, Fuchs and Tan-
ner (1966) identified canopy emissivities
of 0.976 and 0.977, respectively. A similar,
but more advanced approach in terms of
reproducibility, was made by Idso et al.
(1969), who found €4 13um values between
0.969 and 0.977 for different forest species
(Table 1). Leaf emissivity values measured
in forests and horticulture (Chen 2015; Lo-
pez et al. 2012; Rahkonen and Jokela 2003;
Arp and Phinney 1980) are summarized in
Table A.1 of the Appendix.

The estimation of € by remote sensing is
more complicated, since it additionally
requires information on the surface tem-
perature at the particular moment of the
satellite or airborne measurement. Con-
sidering this, the remote sensing study
by Valor and Caselles (1996) used indirect
estimations of emissivity. They estimat-
ed the emissivity of the spectral region
between 10.5 to 12,5 um using satellite
measurements of infrared radiation and
normalized difference vegetation index
(NDVI). Da Luz and Crowley (2007) esti-
mated spectral emissivity of forest leaves,
g,, with spectral measurements. However,
their approach was ground based - under
laboratory conditions and in the field. In
their study, surface temperature was ap-
proximated indirectly through an iterative
method also used in Horton et al. (1998).
Da Luz and Crowley (2007) showed that
the g of forest tree species varies con-
siderably in the spectral region of 8 to 13
pm: for American beech (Fagus grandifolia)
from 0.94 to 0.97 and for red maple (Acer
rubrum) from 0.942 to 0.973. To evaluate
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Table 1. Leaf emissivities (¢ * s.d.) of different forest species

Species € References
Acer rubrum 0.942-0.973 Da Luz & Crowley (2007)
Catalpa speciosa 0.938-0.973 Da Luz & Crowley (2007)
Cornus florida 0.962 - 0.985 Da Luz & Crowley (2007)
Fagus grandifolia 0.940-0.970 Da Luz & Crowley (2007)
Hedera helix var. Algerian 0.969 + 0.005 Idso et al. (1969)
Ligustrum vulgare cv.Japanese 0.964 + 0.003 Idso et al. (1969)
Liriodendron tulipifera 0.948-0.973 Da Luz & Crowley (2007)
Morus alba 0.976 + 0.008 Idso et al. (1969)
Populus fremontii 0.977 +£0.004 Idso et al. (1969)
Prunus serotina 0.945-0.967 Da Luz & Crowley (2007)

the effects of € variability on climate mod-
elling results, Jin and Liang (2006) convert-
ed the spectral emissivities, €, obtained
from the remote sensing platform MODIS
into the broadband emissivity, € 13um They
investigated the effect of measured vs.
fixed emissivity values onto the climate by
using the Community Land Model, CLM2.
The main focus of those sensitivity studies
was the comparison of radiation, sensible
and latent energy fluxes under following
assumptions: 1) the default € value of 0.96
for bare soil and 0.97 for vegetation and 2)
under an estimated value of 0.9 for bare
soil, keeping 0.97 for vegetation-covered
regions. The results of the global simula-
tions show surface temperature changes
of £1 °C (January 1998) for the offline CLM
simulation and up to 1.5 °C temperature
decrease for the coupled CAM2-CLM2 sim-
ulation. Furthermore, changes of the sensi-
ble heat flux (new value minus control run)
were -1 Wm™ to +5 Wm™. Due to the fact
that the highest sensitivity to € values was
identified for desert areas, a separate run
was performed for Tucson, Arizona, for the
year 1993. The results showed changes of
daily surface temperatures up to 10 °C and
changes of diurnal sensible and latent heat
fluxes up to 50 Wm=, whereas the changes
in sensible heat were always positive (Jin
and Liang 2006).

These findings show that the poorly con-
strained value of emissivity substantially con-
tributes to uncertainties in land surface mod-
els and thus to a quantification of climate
change signals. Consequently, it is necessary
to estimate the emissivity as accurate as pos-
sible and to cover many different land surfac-
es and plant species.

Thus, our goals are (1) to measure the broad-
band emissivities €, - of five different
broadleaf tree species by using a direct ap-
proach similar to that of Fuchs and Tanner
(1966), i.e. applying infrared-pyrometer and
thermocouples onto leaf surfaces, and (2)
to integrate the measured emissivity into a
modeling framework (MixFor-SVAT) and in-
vestigate the sensitivity of modeled variables
(outgoing longwave radiation, net radia-
tive balance, latent and sensible heat fluxes,
canopy temperature and net ecosystem ex-
change) to changes in emissivity.

MATERIAL AND METHODS
Study site

The Hainich tower site in Central Germany
serves as reference site for this study. It is lo-
cated within the southern part of the 'Hainich
National Park’ (51°04'46"N, 10°27'08"E, 440 m
a.sl) in suboceanic/subcontinental climate
(Knohl et al. 2003). At the Hainich flux tower,
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measurements of carbon dioxide, water va-
por and energy fluxes between the forest and
the atmosphere as well as microclimate in the
forest are made. The flux tower is placed in an
old unmanaged mixed beech forest with a
highly heterogeneous age class distribution
ranging from 0 to 250 years and a maximum
height varying between 30 and 35 m. The
forest is dominated by European beech (Fa-
gus sylvatica) with 65 %, codominated by the
secondary tree species European ash (Frax-
inus excelsius) with 25 %, followed by maple
(Acer pseudoplatanus and A. platanoides) with
7 %. Several other deciduous and coniferous
species are interspersed (Anthoni et al. 2004).
The maximum leaf area index is 5.0 m?> m~
(Knohl et al. 2003). The Hainich tower site
(DE-Hai) is apart of the European Integrated
Carbon Observation network (ICOS, https://
www.icos-ri.eu/) and the global eddy cova-
riance station network FLUXNET (http://flux-
net fluxdata.org/).

Instrumentation

Forthe direct estimations of €, of the cho-
sen tree species, we applied a direct method
similar to that of Fuchs and Tanner (1966). The
surface temperature of leaves was measured
simultaneously by means of digital infrared
pyrometers (IN510-N, Omega Engineering
Inc, Deckenpfronn, Germany) and thermo-
couples inserted under the skin of the leaves.
The IN510-N had a default emission factor
of g, =095, a 2:1 field of view and a spectral
range of 8 um to 14 um. We used two types
of thermocouples; type K (NiCr-Ni, DIN class
1, ©:0.08 mm, TC Direct, Mdnchengladbach,
Germany) and type T (Cu-CuNi, @: 0.2 mm, TC
Direct, Monchengladbach, Germany). Tem-
peratures were continuously logged using
two eight—-channel RedLab USB TC measur-
ing units (Meilhaus Electronic GmbH, Alling,
Germany). For the calibration of the thermo-
couples, a reference thermo-meter (Hg ther-
mometer, 0.01 °C resolution, Karl Schneider
& Sohn oHG, Wertheim, Germany) was used.
The ambient conditions, air temperature
and air humidity, were measured by a ther-
mo-hygrometer (Hygroclip with ROTRONIC
HYGROMER® IN-1 and PT100 1/3 DIN Klasse B,
Rotronic, Ettlingen, Germany) with an accura-
cy of £0.8 %rh and £0.2 K. For data recording,
a data logger (CR 1000, Campbell Scientific

Ltd., Logan, UT, USA) was used. Thermocou-
ple measurements were performed every
second and averaged over the period of one
minute, whereas pyrometer measurements
happened at a minutely base. The readings
of the reference thermometer were done
manually with a frequency of 20 minutes.

Calibrations

Thermocouples: We carried out calibration
of the thermocouples in distilled water by
means of a close-system water bath. The in-
sulated container was surrounded by a heat-
ing film and contained a magnetic stirrer.
The thermocouples were calibrated against
a reference mercury thermometer within the
range of +7 °C and +43 °C. To perform the
calibration at low temperatures, several ice
cubes were put into the water. Then the wa-
ter with ice warmed up at room temperature.
For temperatures higher than room'’s tem-
perature, we heated up the water by means
of the heating film. After that it continuously
cooled down itself at room temperature. We
repeatedly performed these calibration runs.
Based on the calibration data, we calculated
a linear calibration function for each sensor
respectively. After the calibration, the ther-
mocouples do not differ significantly under
a=0.05.

Digital infrared-pyrometer: To obtain the ab-
solute calibration, we took one random py-
rometer to calibrate it against the calibration
source IRS-350 (Voltcraft®, Conrad Electronics,
Wernberg-Koblitz, Germany). This reference
pyrometer was then used for the cross-cal-
ibration of the other four pyrometers de-
ployed during the experiment. We carried out
the cross-calibration in a climate chamber by
using an open-system water bath filled with
distilled water (e = 0.96 at 20 °C according to
Wolfe and Zissis 1978). The chamber was re-
peatedly heated up and cooled down within
the range of +8 °C to +30 °C. Using these re-
sults, we calculated a linear calibration func-
tion for each sensor, which resulted in an ab-
solute error range of +0.4 °C.

Measurements

For the quantification of the species specif-
ic leaf emissivities, we chose Populus simonii
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and Populus candicans additionally to the
dominant tree species of the Hainich site for
the experimental setup.

The experimental study was carried out under
stable climatic conditions in a climate cham-
ber with temperature thresholds of +8 °C and
+32 °C reflecting the range of temperatures
at the Hainich site during the growing season.
The experiments were performed for each of
the chosen tree species separately. We put
a minimum of 3 young trees of one species
into the chamber. The surface temperature
of a leaf was measured with a digital infrared
pyrometer and two thermocouples: type K
and type T. In case of the populous species,
we also measured both, the adaxial and ab-
axial sides, of the leaves. The pyrometers were
placed vertically in a distance of 4 cm above
the leaf, whereas both thermocouples were
directly affixed on the leaf surface right next
to each other. Ambient air temperature and
air humidity were recorded. We performed
the experiments at absolute darkness, in or-
der to avoid disturbance by short-wave ra-
diation, for several days in a row; meanwhile
the chamber temperature was continuously
heated up and down within the range of 10
°C to 30 °C. The heating process was carried
out in 5° C steps (5 hours) with 7 hours sta-
bilising breaks in between. The broadband
emissivities, €, ,, . of each leaf (from hereon
called emissivity) were then calculated from
the comparison of directly measured and
radiative leaf temperatures based on the Ste-
fan-Boltzmann law (eq. (1)).

g - TsurXe,
eaf Tsur;t

where:

Tsur,, is surface temperature measured with

IR-pyrometer (8-14 um spectral range),

Tsur, is surface temperature measured with

thermocouples,

€, is default emission factor (s. Material and

Methods).

Modelling

We applied the model MixFor-SVAT to de-
termine the effect of emissivity variations on
mass and energy exchange at a local scale.
The model experiments with MixFor-SVAT

were performed with the static broadband
emissivity obtained in our present study (g,
= 0.958) as well as with the minima (e =
0.94) and maxima (e = 0.97) leaf emissivity for
forest tree species found in scientific litera-
ture (da Luz and Crowley 2007). The model
simulations were driven by meteorological
data (air temperature, water vapor pressure,
wind speed, precipitation rate, and global
radiation) of the Hainich tower site for the
years 2008 and 2009. MixFor-SVAT calculates
the energy and matter fluxes between the
atmos-phere and the forest, including down-
ward longwave radiation. As indicator param-
eters, outgoing longwave radiation (LRup
[Wm™]), net radiative balance (Rn [Wm™)), la-
tent (LE [Wm™]) and sensible (H [Wm™]) heat
fluxes, canopy temperature (Tc [°C]), net eco-
system exchange (NEE [pmolCOzm'zs’1]) and
the physical storage term of soil heat flux and
canopy storage (PS [Wm™]) were selected.

MixFor-SVAT is a one-dimensional process
based soil-vegetation-atmosphere transfer
(SVAT) model, enabling the description of
radiation transfer, plant transpiration and wa-
ter uptake, as well as the turbulent exchange
of carbon dioxide, sensible and latent heat
between mono- and multi-species forest
stands and the atmospheric surface layer
(Olchev et al. 2008; Falge et al. 2005; Olchev
et al. 2002). The plant canopy is assumed to
be horizontally uniform and vertically struc-
tured. For the simulation of exchange pro-
cesses, MixFor-SVAT uses a detailed descrip-
tion of biophysical properties of the different
tree species such as the mean tree height,
crown shape, leaf area density distribution,
tree diameter at breast height, leaf stoma-
tal conductance, parameters describing the
photosynthesis and respiration including the
kinetic properties of Rubisco, the dependence
of electron transport on incoming photosyn-
thetically active radiation, rate of dark respi-
ration and others. The model is modularized
and describes the following processes: radi-
ative transfer (shortwave and longwave ra-
diation), turbulent exchange of momentum,
sensible heat, HO and o, within and above
a forest canopy, soil heat and water dynam-
ics, plant water use, precipitation interception
and net- and gross ecosystem production.
The simulation procedure of the radiative
transfer in a plant canopy takes into account
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the different optical and structural properties
of various tree species as well as annual leaf
area index changes regulated by tree phenol-
ogy (e.g. date of emergence of leaves, the on-
set of leaf fall, etc.). The broadband emissivity
in the model is assumed to be constant for
all vegetation types (e = 0.96). The longwave
radiation absorption is calculated according
to Kirchhoff's law (a = ¢). The calculation of
the radiation energy, water and CO, fluxes for
Hainich forest were provided with a time step
of 30 minutes. Maximum tree height in the
forest canopy was assumed to be 3Tm and
the maximum LAl of the forest canopy as 6.06
m? m=. Gaps in the NEE, LE and H measure-
ment records were filled using an approach
based on a process-based MixFor-SVAT mod-
el (Olchev et al. 2015). MixFor-SVAT well sim-
ulated the observed surface fluxes, e.g. net
radiation (R? = 0.96, slope = 0.996, p < 0.001).

RESULTS

Quantification of leaf emissivities for differ-
ent tree species

Direct leaf surface temperature measure-
ments using the T and K type thermocou-
ples showed very good agreement with a
temperature difference of less than 0.001 °C
indicating no systematic differences between
both thermocouples types. Leaf temperature
measured with the infrared pyrometer was
strongly linearly correlated to the direct mea-
surements using thermocouples (p < 0.001 for
all sensors). The measured broadband € of the
five investigated species varied only slightly
(Table 2, Table A.1). The highest leaf emissiv-

ity is 0.960+0.003 for Fagus sylvatica and the
lowest 0.954+0.003 for Populus simonii. The
mean calculated emissivity of all species is
0.958 with a standard deviation of 0.002. Ac-
cording to Dunn’s Multiple Comparison Test,
there are only significant differences between
the emissivites of Populus simonii (€ = 0.954)
and the non-populous species. No tempera-
ture dependencies of the leaf emissivity could
be detected within the investigated range of
+810+32°Cgy varied by +0.0026.

Effects of a change in emissivity on the ener-
gy and matter fluxes at a local scale

Three MixFor-SVAT simulations with a static
broadband € of 0.94, 0.958 (our mean value)
and 0.97, respectively, were performed for the
Hainich tower site for the period of 2008 and
2000. As seen in figure 1, mean annual values
of LRup increase with an increase in broad-
band emissivity, whereas the mean annual
values of Rn, Tc, LE, H and NEE decrease. The
same trend can be observed for both years.
However, the results indicate that the re-
sponses of the fluxes are non-linear.

While the differences between the respective
values of both years seem to be similar for
most parameters, the decrease of LE and Rn
in 2009 is slightly stronger than in 2008. One
possible reason for this is the higher amount
of incoming shortwave radiation in 2008
which compensates the longwave emission
losses - the shortwave radiation balance in
2008 was in average 8 Wm? higher than in
2000.

The comparison of modelled and measured

Table 2. Leaf emissivity () of five different broadleaf species

Tree species €
Acer pseudoplatanus 0.959+0.003 a
Fagus sylvatica 0.960 + 0.003 a
Fraxinus excelsior 0.958 £0.002 a
Populus candicans 0.957 £ 0.003 ab

Populus simonii

0.954+£0.003b

total

0.958 £ 0.002

*Emissivities are displayed as mean + s.d.. Groups sharing the same letter are not significantly
different (p < 0.05, Dunn’s Multiple Comparison Test).
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Fig.1. Dependency of energy and matter fluxes on changes in broadband emissivity.
Mean annual values of the net radiative balance (Rn), outgoing longwave radiation
(LRup), canopy temperature (Tcanopy), latent heat (LE), sensible heat (H) fluxes and
net ecosystem exchange (NEE) calculated according to MixFor-SVAT model runs with
€=0.94, € = 0.958 (our mean value) and € = 0.97 for the years 2008 and 2009

data (Table 3) shows that in the case of LRup,
Rn and NEE, measured data are higher than
the modelled ones for 2008 and 2009. In
2008, measured H data are higher than mod-
elled ones, whereas they are similar for 2009.
On the contrary, for LE the measured data for

2008 are below the modelled data and for
2009 they are similar. The measured and the
modelled canopy temperatures agree well
for both years.

The relative changes of fluxes are shown

Table 3. Comparison of measured and MixFor-SVAT-modelled energy and matter

fluxes
year | Rn[Wm? | LE(Wm? | H[Wm? E(E)E r[;l?;?]' LRup[Wm? | Tl
MixFor-SVAT | 2008 | 48.09-41.15 | 3575-34.1 | 13.12-7.1 | -177--185 | 3363-34092 | 87-848
measured | 2008 | 6035 316 2047 -166 35592 865
MixFor-SVAT | 2009 | 46.75-39.03 | 33.83-32.31 | 1344-736 | -231--237 | 33442-33952 | 82-804
measured | 2009 | 6085 33.79 13.18 -1.95 355.58 831

*MixFor-SVAT-modelled data are given as ranges due to simulations with emissivities of e= 0.94,

e=0.958ande=0.97

GES 022019

251



GES 02[2019

252

GEOGRAPHY, ENVIRONMENT, SUSTAINABILITY

02 (12) 2019

in Fig. 2. The flux values obtained with the
mean emissivity measured in the present
study (0.958) are taken as reference. The
relative changes are calculated as

The relative changes were estimated for

(Flux — Flux

AFlux = ) x100% (2)

Fluxw

above calculated indicators and addition-
ally for PS.

For 2008, the largest relative difference is
found for the sensible heat flux. A decrease
of 0.018 in emissivity (¢ = 0.94) results in
an increase of H, indicating a sensitivity of
20.7 % per 1 % of € change. The change
from 0.958 to 0.97 (0.012) causes a de-
crease of H, denoting a relative sensitivity
of -19.9 % per 1 % of € change. All other
fluxes show less sensitivity to €. For Rn, a
decrease of 0.018 in emissivity produces

an expected increase of radiative balance,
implying a relative sensitivity of 5.0 % per
1 % of € change. An increase in emissivity
to 0.97 leads to a decrease in Rn, showing
a relative sensitivity of -5.0 % per 1 % of €
change. A decrease of € t0 0.94 generates a
relative PS decrease, indicating a sensitivity
of -2.4 % per 1 % of € change. The change
from 0.958 to 0.97 leads to an increase of
PS, denoting a relative sensitivity of 4.6 %
per 1 % of € change. The responses of the
other fluxes show a relative sensitivity be-
low 1.5 %.

In 2009, the changes of fluxes are similar.
Here, the largest relative difference is de-
tected for sensible heat, caused by a de-
crease in emissivity to € = 0.94, implying a
sensitivity of 20.4 % per 1 % of € change.
The emissivity increase of 0.012 generates
an H decrease, implying a relative sensitiv-
ity of -19.3 % per 1 % of € change. In op-

MixFor-SVAT 2008

0.958
30

Difference (%) to e
-10 0 10

-30

Rn LE H

PS NEE LRu Tcan

MixFor-SVAT 2009

0.958
0

Difference (%) to e:
-10 0 10

-30
1

Rn LE H

PS NEE LRu Tcan

Fig.2. Effects of € changes on the radiative, sensible and latent energy fluxes of
Hainich forest. Relative changes of energy fluxes Rn, LE, H, LRup, PS as well as of
NEE and Tc to changes in emissivity based on MixFor-SVAT model simulations with
emissivities of € = 0.94, e = 0.958 and € = 0.97 for the years 2008 and 2009. The flux
values calculated with €=0.958 are taken as the reference. The relative changes are
based on mean annual fluxes and calculated according to equation (2)
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posite to 2008, Rn and PS show a similar
relative change to emissivity changes in
2009. A decrease of € from 0.958 to 0.94
leads to a relative PS decrease, indicating
a sensitivity of -6.6 % per 1 % of € change.
The change from 0.958 to 0.97 causes an
increase of PS, denoting a relative sensitivity
of 6.0 % per 1 % of € change. For Rn, a de-
crease of 0.018 in emissivity produces a rel-
ative increase, implying a relative sensitivity
of 5.9 % per 1% of € change. An increase in
emissivity to 0.97 leads to an Rn decrease,
standing for a sensitivity of -5.8 % per 1 %
of € change. All other fluxes show less re-
sponse to €; below 2.0 % relative sensitivity.
These results indicate that the responses
of fluxes to the changes of emissivity are
non-linear.

DISCUSSION

So far, only a few studies have been carried
out to directly determine broadband emis-
sivities of leaves for forest species resulting
in values ranging from 0.94 t0 0.97.The leaf
emissivities calculated in this study are also
within this range (0.958+0.002). No statisti-
cally significant differences among species
were found except for Populus simonii (Ta-
ble 2). The question is whether this variabil-
ity has any considerable effect on energy
and matter fluxes, and thus, on local and
regional climate in forests as was described
by Jin and Liang (2006) by means of the
coupled atmosphere land surface mod-
el CAM2-CLM2 for the emissivity of bare
soil (0.9 instead of 0.96). The MixFor-SVAT
model applied in this study produced re-
liable results, well agreeing with the mea-
surements. With increasing ¢, the value of
LRup increases since more longwave radi-
ation is emitted with higher € according
to the Stefan-Boltzmann law. When more
longwave radiation is lost from the surface,
Rn is decreasing as all other fluxes of the
radiation budget (incoming shortwave ra-
diation, reflected shortwave radiation and
incoming longwave radiation from the at-
mosphere) are not affected — however, a
higher proportion of the incoming long-
wave radiation will be absorbed (¢ = q,
Kirchhoff's law). At the same time, the sur-
face temperature will decrease leading to
a lower sensible heat fluxes as well as low-

er latent heat fluxes. With the decreasing
surface temperature, also respiration and
photosynthesis are decreasing. As respi-
ration decreases faster than photosynthe-
sis, the net CO, uptake is increasing (more
negative net ecosystem exchange). The
differences in relative changes (Fig. 2) are a
consequence of the absolute change and
the magnitude of the annual mean fluxes.
The annual mean fluxes of H are low due
to the negative values at night and winter-
time and thus resulting in the largest rela-
tive changes. The model, therefore, shows
plausible ecosystem responses and can
be used for the experiments. The effect of
emissivity changes on fluxes found in the
present study is considerable, although the
absolute values of daily mean changes of
fluxes are slightly lower than in Jin and Li-
ang (2006) for desert areas - up to 50 Wm™=.
The differences between € = 0.94 and 0.97
results in changes of daily fluxes up to 16.8
Wm™ for Rn, 13.3 Wm? for LE, 19.7 Wm? for
H and -10.9 Wm? for LRup. The responses
of the system are, thus, quite comparable
despite of the different models used for
the studies. The lower differences in our
study could be explained by the smaller
change of €. The changes of daily Tc are,
however, comparable with Jin and Liang
(2006) - up to 1.1 °C. The response of daily
NEE to the € variability is considerable - up
to 0.5 umol C m?s! or 5 kg per day and
ha. Moreover, the short time responses at
30 min scales (not shown by Jin and Liang)
are even stronger - up to -82.1 Wm for Rn,
113.8Wm=2for LE and 1783 Wm™ for H.The
hourly variability of LRup is of similar order
as the daily one, up to -13.9 Wm=. The dif-
ferences in Tc and NEE are also very large:
between -2 and 0.5 °C and up to 5.5 pmol
Cm?s" (24 kg C ha'h™). Thus, the variabil-
ity of € should be taken into account in cli-
mate change studies. Hence, not only the
soil emissivity but also the exact values of
leaf emissivities for forest species are cru-
cial information for the better estimation
of the contribution of forest ecosystems to
climate processes and to climate change.
The simple approximation of € is difficult
since the dependence of fluxes on € is
non-linear, as demonstrated in this study.
Moreover, it should be noted that the re-
sponses obtained in this study are the di-
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rect, “momentarily” ones, as they do not
include feedbacks of the climate system
to changes in the underlying surface. It
is, therefore, recommended to repeat the
simulations with a coupled model as in the
study of Jin and Liang (2006).

CONCLUSION

In the present study, we quantified the
broadband leaf emissivities €., —of the
forest species’ Acer pseudoplatanus, Fa-
gus sylvatica, Fraxinus excelsior, Populus si-
monii and Populus candicans. The results
showed that the interspecies variability of
leaf emissivities is very low — the obtained
mean value across all species is € = 0.958
(£0.002). A statistically significant differ-
ence was found for Populus simonii. Our
results demonstrate that emissivity chang-
es have significant impacts on modelled
energy and matter fluxes. Energy fluxes
and surface temperature increased with
a decrease in emissivity, whereas NEE de-
creased, due to respiration losses resulting
from the temperature increase. The stron-
gest effect was identified for the sensible
heat flux with a sensitivity of 20.7 % per 1 %
of € change. Overall, the findings indicate
that the dependency of energy and matter
fluxes on € changes are non-linear.

Revealing directly measured leaf emissiv-
ities of the five forest species; this study
provides important basics for the correct
application of variable leaf emissivity in
energy budget modelling and thus to a
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Appendix
Table A.1. Leaf emissivities (€ + s.d.) of different plant species
species € s.d. reference
Hedera helix var. Algerian 0.969 0.005 Idso et al. (1969)
Acer pseudoplatanus 0.959 0.003 Tiralla et al. (2019)*
Acer rubrum 0.942 -0.973 Da Luz & Crowley (2007)
Aralia seboldi 0.968 0.006 Idso et al. (1969)
Brassicca rapa L. 0.980 0010 Rahkonen & Jakela (2003)
Capsicum annuum 0.978 0.008 Lopezetal. (2012)
Capsicum frutescens 0.979 0.005 Idso et al. (1969)
cv. Long Green
Carica papaya 0.988 0.002 Idso et al. (1969)
Catalpa speciosa 0.938-0.973 Da Luz & Crowley (2007)
Cereus bridges Il 0.973 0.001 Idso et al. (1969)
Citrullus lanatus Thunb. 0.981 0.009 Lopez et al. (2012)
Citrus aurantium 0972 0.008 Idso et al. (1969)

Citrus jambhiri 0.975 0.008 Idso et al. (1969)
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Cocculus laurifolius 0.973 0.003 Idso et al. (1969)
Cordyline terminalis 0.967 0.003 Idso et al. (1969)
Cornus florida 0.962 - 0.985 Da Luz & Crowley (2007)
Cucumis melo L. 0.978 0.006 Lopezetal. (2012)
Cucumis sativus L. 0.983 0.008 Lopez et al. (2012)
Cucurbita pepo L. 0.985 0.007 Lopezetal. (2012)
Fagus grandifolia 0.940-0.970 Da Luz & Crowley (2007)
Fagus sylvatica 0.960 0.003 Tiralla et al. (2019)*
Fraxinus excelsior 0.958 0.002 Tiralla et al. (2019)*
Gossypium barbadense 0.979 0.008 Idso et al. (1969)
cv. Pima S-4
Gossypium hirsutum 0964 0007 Idso et al. (1969)
cv. Deltapine 16
Gossypium hirsutum cv. Hopicala 0.967 0.011 Idso et al. (1969)
Hedera helix var. Algerian 0.969 0.005 Idso et al. (1969)
Ligustrum vulgare cv. Japanese 0.964 0.003 Idso et al. (1969)
Liriodendron tulipifera 0.948 -0.973 Da Luz & Crowley (2007)
Lophocereus schottii 0.973 0.004 Idso et al. (1969)
Lycopersicon esculenturn 0.982 0.004 ldso et al. (1969)
cv. Pearson Improved
Lycopersicum esculentum 0.980 0.010 Lopez et al. (2012)
Morus alba 0.976 0.008 Idso et al. (1969)
Nicotiana tabacum 0.971 0.002 Fuchs & Tanner (1966)
Nicotiana tabacum 0972 0.006 Idso et al. (1969)
Nymphaea odorata 0.957 0.006 Idso et al. (1969)
Opuntia basilaris 0.978 0.002 Idso et al. (1969)
Opuntia engelmannii 0.961 0.004 Idso et al. (1969)
Opuntia ficus indica 0.957 0.002 Idso et al. (1969)
Opuntia linguiformis 0.965 0.001 Idso et al. (1969)
Opuntia orbiculate 0.710 0.006 Idso et al. (1969)
Opuntia rufida 0977 0.002 Idso et al. (1969)
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Opuntia santa rita 0.969 0.002 Idso et al. (1969)
Pachira macrocarpa 0.985 0.005 Chen (2015)
Paphiopedilum vgr. Michael 0,981 0,007 Chen (2015)
Koopowitz
F)Vea/f’ &2’:&;”@;’2:\?2%? 0.992 0.002 Idso et al. (1969)
Persea drymifolia 0.979 0.009 Idso et al. (1969)
Phalaenopsis var. Taisuco Anna 0,981 0010 Chen (2015)
(mature leaves)
Phalaenopsis var. Taisuco Anna 0978 0,009 Chen (2015)
(young leaves)
Phaseolus coccineus 0.983 0.005 Lopez et al. (2012)
Phaseolus vulgaris cv. Bountiful 0,938 0,008 idso et al. (1969)
(center leaflet)
Phaseolus vulgaris cv. Bountiful 0.964 0,005 \dso et al. (1969)
(lateral leaflet)
Phaseolus vulgaris L. 0.983 0.006 Lopezetal. (2012)
Phaseolus vulgaris L. 0.957 0.005 Fuchs & Tanner (1966)
Philodendron selloum 0.990 0010 Idso et al. (1969)
Populus candicans 0.957 0.003 Tiralla et al. (2019)*
Populus fremontii 0977 0.004 Idso et al. (1969)
Populus simonii 0.954 0.003 Tiralla et al. (2019)*
Prunus serotina 0.945-0.967 Da Luz & Crowley (2007)
Rosa 0.993 0.006 Idso et al. (1969)
Saccharum officinarum 0.995 0.004 Idso et al. (1969)
Solanum melongena L. 0.973 0.007 Lopezetal. (2012)
Sonchus arvensis 0.980 0.010 Rahkonen & Jakela (2003)
Zea mays cv. Mexican June 0.944 0.004 Idso et al. (1969)

*this study




