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Estimation of ecosystem evapotranspiration in a

Robinia pseudoacacia L. plantation with the use of the

eddy covariance technique and modeling approaches

Nikos Markos and Kalliopi Radoglou
ABSTRACT
Τhe eddy covariance technique provides reliable ecosystem-level evapotranspiration (ET)

measurements. These measurements, when combined with models and satellite products, could

offer high spatiotemporal coverage and valuable mechanistic interpretation of the underlying

processes. This study address one-year eddy covariance measurements from a Robinia

pseudoacacia site in Northern Greece and remote sensing products: we (a) provide a medium-term

description of daily ET fluxes for a R. pseudoacacia plantation in a degraded land, (b) assess the

contribution of environmental drivers (e.g. net radiation, temperature etc.) on ET and (c) evaluate a

simple satellite and meteorological driven model for larger-scale applications, based on the Land

Surface Water Index (LSWI) and the FAO approach. R. pseudoacacia was found to have quite high

water consumption, especially during leaf expansion. Net radiation and soil water content had the

greatest effect on ecosystem evapotranspiration. LSWI was found to be correlated with both soil

water content and evapotranspiration. Its use as an index for water limitation in models leads to high

accuracy when compared to ET measurements. Our results (a) provide a significant contribution to

the assessment of R. pseudoacacia ecophysiology and (b) highlight the potential of accurate

ecosystem ET estimation with simple modeling approaches.

Keywords | black locust, deciduous forest, eddy covariance, evapotranspiration, Land Surface Water

Index, restoration, Robinia pseudoacacia, transpiration
HIGHLIGHTS

• The eddy covariance method contributes to the better knowledge of the species ecophysiology,

as well as its performance under highly degraded soils.

• An evapotranspiration model, evaluated against the eddy covariance measurements, appears to

give a very good performance.

• Land Surface Water Index was found to correlate well with ecosystem evapotranspiration and

can be used as a crop coefficient scalar.
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INTRODUCTION
Evapotranspiration (ET) is one of the greatest components

of energy fluxes and water cycling in the atmosphere

(Katul et al. ). It is responsible for the returning of up

to 2/3 of precipitation water back to the atmosphere on

average globally (Jasechko et al. ; Wei et al. ; Yao

et al. ), an amount that can be as high as 95% in dry

ecosystems (Raz-Yaseef et al. ; Stoy et al. ). The

accurate estimation of evapotranspiration is essential for a

better understanding of the global water cycle (Cheng

et al. ) and the improvement of water resource manage-

ment (Mu et al. a; Paschalis et al. ).

For ET estimation, several methods have been devel-

oped, including the use of the eddy covariance method

(Baldocchi ), the Bowen Ratio (Scott et al. ), sap

flow, large aperture scintillometers, lysimeters and others

(Allen et al. ). The eddy covariance method is considered

the most reliable and state-of-the-art technique for accurate

ET measurement at the field scale (Zhang et al. ;

Saitta et al. ).

All methods mentioned above can cover small to

medium-sized areas. The estimation of ET for larger

areas is performed with the use of ET models. Several ET

modeling approaches exist with different degrees of com-

plexity (Chen & Liu ). The basis of those models is

solving the energy balance equation using the well-known

Penman-Monteith equation (Allen et al. ). ET models

can be summarized into two different categories: (a) those

that are based on the land surface temperature (LST),

which is closely linked to ecosystem water status and thus

ET (Bastiaanssen et al. ; Anderson et al. ; Mu

et al. b; Chen & Liu ) and (b) those that are based

on the crop coefficient approach, the so-called FAO

approach (Allen et al. ). The actual evapotranspiration

was estimated as the product of reference evapotranspira-

tion (ET0) multiplied by a factor called crop coefficient (Kc).

Both approaches have significantly benefited from the

advantages that remote sensing is offering for large scale

monitoring. The first category of models uses the thermal

bands of Modis or Landsat satellites to estimate LST by

applying quite sophisticated approaches (Anderson et al.

; Mu et al. b). However, as satellite thermal bands
om http://iwaponline.com/ws/article-pdf/21/6/2553/932502/ws021062553.pdf
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are provided in lower spatial resolutions when the modeling

applications refer to smaller areas, there is a need for

downscaling with special algorithms (Agam et al. ;

Gao et al. ).

The second category has been so far following a

more semi-empirical approach. While reference evapo-

transpiration is estimated as a function of environmental

parameters, the crop coefficients are empirical species,

specific factors, fluctuating during the year according to

the species’ growth stage (Allen et al. ; Pereira et al.

). In the past few years, satellite vegetation indices

have been recognized to offer great advantages in crop coef-

ficient modeling (Pereira et al. ). So far, several studies

have used satellite spectral indices to represent the seasonal

fluctuation of crop coefficients, such as NDVI (Hunsaker

et al. ; Drerup et al. ; French et al. ), or relative

indices, like EVI and Soil Adjusted Vegetation Index (SAVI)

(Guerschman et al. ; Glenn et al. ; He et al. ).

Most of the studies that follow similar approaches refer to

agricultural sites, which means that water availability is

not a marginal factor, so NDVI and EVI can represent the

phenological status. However, it is difficult to describe

the water stress effects. In satellite primary productivity

models that use the light use efficiency approach (Monteith

), the Land Surface Water Index (LSWI), (Gao ))

was widely used as a representative of ecosystem water

status (Xiao ; Mahadevan et al. ; Chen et al. ;

Bao et al. ). The index is related to the total canopy

water content (Gao ), and thus it could potentially

represent both the canopy growth stage and water stress.

This approach can provide further benefits; the vegetation

indices mentioned can be acquired with a high spatial resol-

ution, such as Sentinel 2, making the applications more

suitable for small or medium-sized areas.

Modeling applications have been mainly focused on

agricultural sites or natural ecosystems. On the other

hand, the applications in forest plantations on disturbed or

degraded land, like black locust plantations (Kanzler et al.

), are generally missing.

Black locust (Robinia pseudoacacia L.) is a medium-

sized deciduous species. Although it is considered an
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invasive species in Europe, it has already become a very

common component of both economy and culture in

many European countries (Vítková et al. ). Even

though the use of the species in forest plantations has met

a lot of criticism, the species has a long history of use in

restoration projects due to its unique characteristics to

adapt to marginal sites. It is a fast-growing, drought-

tolerant and low demand species, able to grow in poor-

nutrient areas (Nicolescu et al. ). Because of these

unique characteristics, the species has become very

common in reclamation projects for disturbed lands, such

as former coal mines (Skousen & Zipper ; Carl et al.

; Vítková et al. ; Nicolescu et al. ). In Europe,

black locust has been studied for a long time, with the

studies being focused more on its economic value than ecol-

ogy (Vítková et al. ). Over the last few years, many

studies of the species have been mainly from the Loess Pla-

teau in China (Wang et al. ; Jiao et al. ; Miyazawa

et al. ; Zhao et al. ). Despite that, there are things

about its ecology and ecophysiology that remain elusive.

The aim of this study is (a) to provide a medium-term

presentation of measurements of daily ET fluxes for a tree

plantation with the use of the eddy covariance method, (b)

to assess the contribution of the main environmental driving

parameters of the ET fluxes for the specific site and (c) to

provide a simple, but accurate methodology for the extrapol-

ation of the eddy tower measurements to greater scales with

the use of a hybrid satellite and meteorological driven

model, based on high spatial analysis vegetation indices

from the Sentinel 2 satellite.
MATERIALS AND METHODS

Study site

The site is located on a flat field of about 5 × 105 m2 (40.59
�N, 21.65 �E) that is part of a greater planted area of

about 24 × 106 m2 in the restored areas of the Western

Macedonia Lignite Center, in Northern Greece (Figure 1).

The dominant species of the plantations is Robinia pseudo-

acacia, a deciduous broadleaf species, which accounts for

95% of the total area of the plantations. The plantations con-

sist of mature and younger trees, due to the continuous
://iwaponline.com/ws/article-pdf/21/6/2553/932502/ws021062553.pdf
restoration and plantation process of more than 20 years.

The age of the trees at the study site is about 20 years.

The mean tree height in the study site is 13.5 m and is rela-

tively homogenous. Robinia pseudoacacia is a fast-growing

species that can reach its maximum height before the age

of 20 years (Nicolescu et al. ). The seasonal fluctuation

of the Enhanced Vegetation Index (EVI) in the plantation,

as estimated from the Sentinel 2 imagery, for a five-year

period (2016–2020) is steady (see supplementary material).

EVI is an index closely related to Leaf Area Index (LAI)

(area of transpiration). Understory vegetation consists

mainly of perennial grasses, with Cynodon dactylon being

the dominant one. The growing period of the understory

grass starts after leaf fall, as the leaves of black locust are

very thin and delicate, resulting in a very quick decompo-

sition, and it is active until the trees’ leaf expansion at the

beginning of May. The substrate consists of deposition

material from the mining process that, in general, is very

depleted and poor. It is characterized by alkaline pH and

classified from moderately coarse to fine soils (Papadopou-

los et al. ). Mean annual precipitation for the ten-year

period in question (2010–2020) is 510± 156 mm, and

mean annual temperature for the same period is 13.36±

0.92 �C, as estimated from the nearby meteorological station

of the National Observatory of Athens (http://penteli.meteo.

gr/stations/amyntaio/).

Meteorological and eddy covariance measurements

An eddy tower was installed at the end of July 2019, measur-

ing continuously the exchanges of vapor, energy and CO2 in

the study area. The tower was installed in the middle of the

study site in order to achieve a unidirectional footprint (no

prevailing wind direction). The tower is equipped with an

integrated IRGA analyzer and sonic anemometer (Irgason,

Campbell Scientific Inc.) with an enhanced barometer

(PTB 110, Vaisala Inc.), which perform CO2/H2O, three-

component wind analysis and barometric pressure respect-

ively and a full meteorological station, including, among

others, a net radiometer (NR Lite2, Kipp and Zonen BV),

a temperature/humidity probe (HygroClip2 Advanced,

Rotronic Inc.) and three soil heat flux plates (HFP01, Huk-

seflux Thermal Sensors BV). The Irgason analyzer was

placed in the top of the tower, at a total height of 17.5 m,

http://penteli.meteo.gr/stations/amyntaio/
http://penteli.meteo.gr/stations/amyntaio/
http://penteli.meteo.gr/stations/amyntaio/


Figure 1 | Map and ombrothermic diagram for the study site. The eddy tower is installed inside the area marked with the red polygon (upper right). The ombrothermic diagram refers to the

period 2010–2020. The full color version of this figure is available in the online version of this paper, at http://dx.doi.org/10.2166/ws.2021.142.
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providing us an average fetch radius of 200 meters. Soil

water content (SWC) is measured at 15 cm depth. Raw

data are collected from a datalogger (CR1000X, Campbell

Scientific Inc.) at a frequency of 10 Hz and processed

on-site via an integrated analysis software (EasyFlux DL,

Campbell Inc.) and post-processed with EddyPro 7 (Licor

GmBh) with the use of the standardized eddy covariance

methodology (Aubinet et al. ). The default time step of

data acquisition was 30 min. Daily values were obtained

by integrating or averaging the instantaneous values,

depending on the parameter. Data gap-filling and flux parti-

tioning were done using a standardized methodology

(Reichstein et al. ). Data analysis covered the period

from August 2019 to September 2020.
Reference evapotranspiration estimation

Reference evapotranspiration for the study site was calcu-

lated according to the FAO’s methodology (Allen et al.
om http://iwaponline.com/ws/article-pdf/21/6/2553/932502/ws021062553.pdf
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), Equation (1)

ET0 ¼
0:408(Rn �G)þ γ

900
Tþ 273

u(es� ea)

Δþ γ(1þ 0:34u)
(1)

where

ET0 is the reference evapotranspiration (mm d�1)

Rn is the net radiation of the surface (MJ m�2 d�1)

G is the soil heat flux (MJ m�2 d�1)

γ is the psychrometric constant (kPa oC�1)

T is the mean daily air temperature (oC)

es is the saturated vapor pressure (kPa)

ea is the actual vapor pressure (kPa)

Δ is the slope vapor pressure curve (kPa oC�1)

u is the wind speed (m s�1).

All the above parameters are estimated by the eddy

tower on half-hourly time steps and then scaled to daily

time steps. By definition, air temperature and wind speed

http://dx.doi.org/10.2166/ws.2021.142
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must be measured at the height of 2 meters or, if measured

elsewhere, they have to be converted to that height. Our

measurements were performed at the tower height

(17.5 m) and no conversions were applied, to have a

common reference with the other tower measurements.
Satellite image analysis

For the calculation of vegetation indices, we used the

free-distributed products of Copernicus Sentinel 2 (https://

sentinel.esa.int/web/sentinel/missions/sentinel-2), which

offer the advantage of high resolution (10 × 10 m) and fre-

quent acquisition. For our analyses, we used L2A

products. The average acquisition of cloud-free images

during the study period for our study site was four days.

Using five bands in total (blue, green, red, nir and

swir), we estimated the time series of the vegetation indices

Land Surface Water Index (LSWI), Normalized Difference

Vegetation Index (NDVI), Enhanced Vegetation Index

(EVI) and Normalized Difference Water Index (NDWI)

(Table 1) for the whole study period.

All vegetation indices were estimated as the average±

standard deviation for the whole study site for cloud-free

days, using the online analysis tool Sentinel-hub (https://

www.sentinel-hub.com/). Sentinel 2 provides two SWIR

bands, one at 1,565–1,655 nm and the other at 2,100–

2,280 nm (https://sentinels.copernicus.eu). In this study,

we used the SWIR1 (1,565–1,655 nm) band for the esti-

mation of LSWI.
Table 1 | Definition and formulas for the vegetation indices used in the study

Index Full name Formula

NDVI Normalized
Difference
Vegetation Index

nir � red
nir þ red

EVI Enhanced
Vegetation Index

2:5� nir� red
nirþ 6:5 � red� 7:5 � blueþ 1

LSWI Land Surface Water
Index

nir � swir
nir þ swir

NDWI Normalized
Difference Water
Index

green� nir
greenþ nir

Nir, red, green and swir stand for respective bands of Sentinel 2 imagery.

://iwaponline.com/ws/article-pdf/21/6/2553/932502/ws021062553.pdf
Modeling description and evaluation

For the modeling of ET, three different approaches were

followed. The first one was the crop coefficient approach.

Daily evapotranspiration was estimated as the product of

reference evapotranspiration (as estimated from Equation

(1)) multiplied by the crop coefficient Kc (Equation (2)).

During this procedure, the daily values of Kc were estimated

as the product of the maximum seasonal value (Kcmax) mul-

tiplied by the normalized fluctuation of the vegetation index

(Equation (3)), according to Choudhury ().

ET ¼ Kc �ET0 ¼ Kcmax � f(VI) �ET0 (2)

f(VI) ¼ VI � VImin

VImax � VImin
(3)

where

ET is the actual evapotranspiration (mm d�1)

ET0 is the reference evapotranspiration (mm d�1,

Equation (1))

Kc is the crop coefficient (dimensionless)

VI, VImin and VImax are the running, minimum and maxi-

mum values of the corresponding spectral index during

the study period.

Due to the specific conditions in the study site; that is,

the two distinctive states of the vegetation (seasonally domi-

nated either by grass or black locust canopy), we used two

separate crop coefficients for different periods of the year.

For the period between the leaf fall and new leaf expansion

(November to April), during which the site’s vegetation was

dominated by the understory grass, the value of Kcmax equal

to 1.2 was used (Allen et al. ). For the period after leaf

expansion until leaf fall (May-October), during which the

vegetation was dominated by the canopy, the value of

Kcmax equal to 0.75 was used, which was the average maxi-

mum value of the ecosystem’s Kc during the period of full

leaf expansion, estimated as the ratio of ET/ET0 during

the corresponding period, according to FAO methodology

(Allen et al. ; Pereira et al. ). The value 0.75 for

Kcmax used is inside the range of values for Kc of deciduous

trees (0.45–1.2) proposed by FAO (Allen et al. ; Pereira

et al. ). For the intermediate period from the beginning

https://sentinel.esa.int/web/sentinel/missions/sentinel-2
https://sentinel.esa.int/web/sentinel/missions/sentinel-2
https://sentinel.esa.int/web/sentinel/missions/sentinel-2
https://www.sentinel-hub.com/
https://www.sentinel-hub.com/
https://www.sentinel-hub.com/
https://sentinels.copernicus.eu
https://sentinels.copernicus.eu
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of leaf expansion until full development (April-May), during

which both understory vegetation and canopy are active, the

average of the two values was used. The vegetation index

used as a scalar for Kcmax (Equation (3)) was better corre-

lated to the measured ET fluxes (see results). As min and

max values in Equation (3) minimum and maximum

values of the indices during the study period were used

and as the running values, the calculated indices, interp-

olated for the interval periods.

The second approach was similar to the one described

above, with the difference that instead of ET0 we used the

H2O equivalent for net radiation (mm d�1) as input to

Equation (2). ET0 is a quantity that depends on many

environmental parameters, as extensively described before.

All the parameters do not have the same impact on actual

ET. The subtraction of soil heat flux from net radiation

should ideally be equal to the sum of latent and sensible

heat flux (LEþH) which determines the total evaporative

demand. We tried to further minimize the input parameters.

An alternative version of the model was utilized. Total

evaporative demand is not represented by reference evapo-

transpiration, but by the water equivalent of net radiation

(mm d�1). However, as the sum of LEþH are usually less

than net radiation – global radiation (Rn-G) (Allen et al.

) and G is small compared to Rn, the water equivalent

of Rn was multiplied by 0.88, a factor that resulted from

the solving of the energy balance equation for our study

site (see supplementary material).

The third approach was the derivation of an empirical

formula from the regression of the measured daily evapo-

transpiration values with the satellite vegetation indices

mentioned in the previous section (Table 1). Although this

is the simplest approach, it lacks a mechanistic interpret-

ation. While it can be useful for the specific site, it would

be quite uncertain to use it in transferable applications.

For statistical analyses and diagram construction, the

packages Origin 2020 and SPSS were used. The models’

results were quantified against the measured ET values

from the tower. The criteria used were the coefficients of

determination from the linear regression analysis (R2), the

root mean square error (RMSE) (Equation (4)) and the

Nash–Sutcliffe model coefficient (NSE) (Equation (5)),

which determines the relative magnitude of the residual var-

iance compared to the measured data variance (Nash &
om http://iwaponline.com/ws/article-pdf/21/6/2553/932502/ws021062553.pdf
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Sutcliffe ).

RMSE ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
PN
i¼1

(xim � xio)
2

N

vuuut
(4)

NSE ¼ 1�

PN
i¼1

(xim � xio)
2

PN
i¼1

(xio � xo)
2

(5)

The assessment of the importance of relative contri-

bution of each independent variable (net radiation (Rn),

wind speed (WS), temperature (T) and vapor pressure deficit

(VPD) on ecosystem evapotranspiration was done by means

of P values and standardized beta coefficients after the appli-

cation of multiple regression analysis.
RESULTS AND DISCUSSION

Meteorological parameters

The seasonal fluctuation of meteorological data from the

eddy tower is presented in Figure 2 and was used as inputs

in Equation (1) to estimate reference evapotranspiration.

The peak of net radiation (Rn) was observed during the

period between mid-June to mid-July. Average Rn values

were slightly higher during August 2020 compared to

August 2019. Differences between 8/2019 and 8/2020

were observed at air temperature (T) and vapor pressure def-

icit (VPD) (Figure 2(b) and 2(c)). Both quantities were lower

during 8/2020 compared to 8/2019 by about 2 �C and

0.3 kPa respectively. The precipitation and SWC are pre-

sented in Figure 2(d). The total precipitation amount for

the whole study period (1/8/2019–27/9/2020) was

622 mm. Summer precipitation for 2020 (June – August)

was quite high (170.8 mm), which accounted for 27.5% of

total precipitation for the whole study period. SWC was

kept high from the end of autumn until the middle of

spring, when a rapid decrease was observed from the end

of April until the end of May. In general, summer SWC

values were quite high, as well as the precipitation. How-

ever, interannual differences were also observed, as the

average % SWC during 8/2019 was 9.09± 1.55, while in



Figure 2 | Seasonal fluctuation of 8-day running averages of daily values of environmental parameters net radiation (a), air temperature (b), VPD (c) and SWC and precipitation (d) for the

study period (2019–2020).
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8/2020 23.54± 4.99 and the corresponding precipitation

values were 3.1 and 36.9 mm, respectively. Finally, wind

speed values did not appear to follow a clear seasonal pat-

tern or have great differentiations, except for some higher

values during the winter (data not shown).
Figure 3 | Seasonal fluctuation of 8-day running averages of daily values of actual

evapotranspiration (blue line) and reference evapotranspiration (red line) for

the study period.
Actual and reference evapotranspiration seasonal

fluctuation

The seasonal fluctuation of both reference (ET0) as esti-

mated by Equation (1) and actual evapotranspiration (ET),

measured by the tower, is presented in Figure 3. The overall

seasonal fluctuation of both quantities is generally following

the annual pattern of net radiation and SWC (Figure 2). ET0

value is higher than the ET during the whole measured

period. The lower annual rates are met during January,

while two peaks can be found, one from May to the begin-

ning of June and the other from July until the middle of

August. Between those periods there is an intermediate
://iwaponline.com/ws/article-pdf/21/6/2553/932502/ws021062553.pdf
period of a sharp decline in the activity, which reflects the

significant drop in rainfall and the decrease in SWC. The

ET rates are considerably high from February to April,



2560 N. Markos & K. Radoglou | Evapotranspiration in a Robinia pseudoacacia plantation Water Supply | 21.6 | 2021

Downloaded fr
by guest
on 06 July 202
before the leaf expansion, which can be attributed to the

well-developed understory grass.

The period of the first peak (May-June) is similar to the

period of ET maximization for the same species in the Loess

Plateau in China (Miyazawa et al. ). The trees of the

referred study were grown on an arid to semi-arid region

with a different precipitation pattern and that’s probably the

reason for this very narrow peak. The peak during the begin-

ning of May in our study site could be considered quite

early, as during May the canopy was still under development

and full leaf expansion is met about the middle of June (data

not shown). It seems this species and the whole ecosystem,

consequently, follow a strategy of very luxury water consump-

tion during the canopy development. The result of this is

rapid soil drying until the beginning of June, despite the con-

siderable amount of precipitation during that period

(Figure 2(d)). The excessive water consumption of black

locust and the resulting decline in soil moisture has been

reported in another study from a relative ecosystem in China

(Liang et al. ). The estimated weighted annual sum of ET

with eddy covariance for Robinia pseudoacacia is 595 mm, a

value that is very close to the respective total sum of precipi-

tation. Although this value is comparable to many deciduous

broadleaf sites of the fluxnet network (fluxnet.org) (Fatichi &

Pappas ), there are not many sites with the same species

that are comparable, as was mentioned previously. In a rel-

evant study, the average total ET of a two-year study for

R. pseudoacaciawas estimated to be about 208 mm y�1. How-

ever, the average amount of precipitation was quite lower,

about 262 mm y�1 (Jiao et al. ). Another study, (Fu et al.

) estimated the annual evapotranspiration for an R. pseu-

doacacia plantation under non-water stress conditions at

576.88 and 848.55 mm y�1 for a dry and a wet year

respectively.

The assumptions mentioned before are made with a quite

high degree of uncertainty, since our results refer to the total

ecosystem fluxes and any partitioning of ecosystem ET to

transpiration and soil evaporation was not applied. Although

generally the contribution of transpiration to total ecosystem

evapotranspiration in closed canopies is estimated to be up to

90% (Jasechko et al. ; Good et al. ; Li et al. ), in a

relevant study in a R. pseudoacacia plantation, the corre-

sponding proportion was estimated between 9.7 and 28.8%

(Jiao et al. ), which can be considered quite low.
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Spectral indices

Measured ET values are strongly correlated with all studied

vegetation indices, with coefficients of determination ran-

ging from 0.51 to 0.77. The strongest correlated index was

the LSWI (R2¼ 0.77, Figure 4(a)). LSWI was used as the

input parameter to describe the Kc scalar (Equation (3))

for the models based on reference evapotranspiration

(Equation (2)). However, as the initial idea was to use a

scalar for Kc that would be representative of both phenolo-

gical and water status, the performance of LSWI versus ET

was investigated under different water status scenarios.

Given that daily ET seems to co-fluctuate seasonally with

SWC (Figures 2 and 3), the effect of SWC to ET was

assessed by comparing the respective values for the period

of full leaf expansion (June – August, Figure 5(a)). This

period limitation was followed to avoid the misinterpreta-

tion or noise that would come from data from the non-

growing period. According to our findings, SWC is related

to daily ET via an exponential function (Figure 5(a)) with

a very high coefficient of determination (R2¼ 0.76, P<

0.001). Based on this relationship, an apparent threshold

of 15% SWC can be identified, below which ET values are

strongly increasing with the increase of SWC and reach a

plateau at about the value of 15% SWC. Following that

threshold, the LSWI – ET values were separated into two

sub-datasets, one that corresponded to SWC values greater

than 15% and the other to SWC values less than 15% for

the whole period of study, including the non-growing

period. Regression analysis with the use of an exponential

function was performed for the two datasets independently,

as well as for the whole dataset together (Figure 5(b)). Based

on the results of this analysis, ET is related to LSWI with

exponential functions. Although ET values corresponding

to SWC> 15% are significantly higher than the relative

values that correspond to SWC< 15% for the same LSWI

range, the use of a single exponential function applied to

the whole dataset can be considered adequate to describe

the ET dependence on LSWI for the whole SWC range, as

nearly all values are inside the corresponding 95% predic-

tion band (Figure 5(b)). Consequently, we can assume that

LSWI is an appropriate index for the description of both

the phenological stage and water status of our studied eco-

system. The accurate representation of water availability

fluxnet.org


Figure 4 | Diagrams of correlation between daily ET values and and the coresponding satellite spectral indices LSWI (a), NDVI (b), EVI (c) and NDWI (d) for the study period.

Figure 5 | Correlation of daily ET values with SWC during Robinia’s full leaf expansion (June – August, (a)) and correlation of daily ET values with LSWI for the whole study period (b).

In (b), the closed circles stand for ET values that correspond to SWC> 15 and the open circles to SWC< 15. The solid black line is the regression of LSWI and ET for the first

instance, the dashed black line for the second instance and the red line for the whole dataset. The 95% confidence and prediction bands refer to the regression for the

whole dataset.
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effects on ecosystems performance is one of the most impor-

tant, yet demanding and uncertain procedures. Our findings

highlight the great potential of LSWI to be used as a proxy

for water limitations in our studied ecosystem and could

act as a driver for further implications in other ecosystems.
Impact of environmental parameters on ET fluxes

Pearson R and regression coefficients R2 between ET and

ET0 daily values and the corresponding environmental par-

ameters and LSWI are presented in Table 2. ET and ET0 are

very strongly correlated with Rn, VPD, T and LSWI, while

the correlation with wind speed is quite weaker for both

quantities. The latter can be explained from the relative con-

stant wind speed conditions throughout the study period. ET

is better correlated with net radiation and LSWI, rather than

ET0.
Table 2 | Pearson R coefficients and regression coefficients between the measured

environmental parameters and actual (ET) and reference evapotranspiration

(ETo)

ET ET0

Pearson R R2 Pearson R R2

Rn 0.80 0.65 0.95 0.90

VPD 0.60 0.36 0.88 0.78

T 0.64 0.41 0.79 0.62

WS �0.06 0.00 �0.03 0.00

LSWI 0.87 0.76 0.74 0.55

ET0 0.78 0.61 – –

Net radiation (Rn), vapor pressure deficit (VPD), air temperature (T), wind speed (WS), Land

Surface Water Index (LSWI).

Table 3 | Beta standardized coefficients and P values between actual (ET)/reference evapotran

ET

LSWI excluded LSWI included

Beta Sig. Tolerance Beta

Rn 0.77 0.00 0.38 0.35

T 0.43 0.00 0.18 �0.06

VPD �0.34 0.00 0.18 �0.02

WS 0.14 0.00 0.78 0.11

LSWI – – – 0.68
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Both ET and ET0 are simultaneously affected by all the

independent parameters mentioned above. The one-to-one

comparison can lead to false conclusions about the real

effect of each parameter on the final estimates. For example,

net radiation (Rn) and temperature (T) follow similar seaso-

nal fluctuation patterns, so their true relative impact cannot

be distinguished in that way. Additional multiple regression

analysis was applied, in order to estimate both the signifi-

cance and the relative effect of each studied environmental

parameter to ET and ET0. This was assessed by the P

values and the standardized beta coefficients for each par-

ameter. The results of the analysis are presented in Table 3.

According to the multiple regression analysis results,

ET0 was significantly affected by all environmental par-

ameters (P< 0.001), while the parameters that have

greater effect on ET0 are net radiation and VPD, with beta

values 0.64 and 0.39, respectively. The effect of temperature

and wind speed are quite weaker. All independent par-

ameters were positively correlated to ET0.

For actual ET, when LSWI was not included in the

analysis, all environmental parameters were significant

(P< 0.001) and Rn was the parameter with the strongest

effect on ET. The second most important parameter was

T. VPD was also found to have a significant effect; however,

contrary to ET0 on this occasion, the effect is negative. The

results of the analysis were altered when LSWI was included

as an independent parameter in the analysis. In this case,

both air temperature and VPD had no significant correlation

to ET, as their P values are 0.27 and 0.71, respectively. The

only important parameters are Rn, WS and LSWI. The par-

ameter with the strongest effect was LSWI, followed by net

radiation and wind speed.
spiration (ET0) and the environmental parameters that are used as inputs to Equation (1)

ET0

Sig. Tolerance Beta Sig. Tolerance

0.00 0.26 0.64 0.00 0.38

0.27 0.14 0.05 0.00 0.18

0.71 0.16 0.39 0.00 0.18

0.00 0.77 0.19 0.00 0.78

0.00 0.29 – – –
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Regarding Rn, these results are somehow expected, as Rn

was the strongest component in the energy balance equation

and thus determined the total evaporative demand. However,

when T and VPD are analyzed, things are more complicated.

Firstly, VPD is dependent on air temperature, so the use of

both parameters in the same analysis can create some uncer-

tainty. Secondly, while the increase of VPD increases the

total evaporative demand, its effect on actual evapotranspira-

tion could be either positive or negative (Massmann et al.

) as the increase of VPD leads to decrease in stomatal

conductance (Dewar ).

According to the above, the model can be further simpli-

fied by using the water equivalent of net radiation (Rn)

instead of reference evapotranspiration as a proxy for eva-

porative demand. This led to a model that relies on

simplicity, without compromises in accuracy (R2¼ 0.89,

RMSE¼ 0.53, NSE¼ 0.80). This can provide further advan-

tages, as net radiation is a parameter that can be easily

measured in the field or estimated from relevant satellite

maps. The problem in this approach is the energy closure.

The sum of LEþH does not equal to Rn-G, with an uncer-

tainty that can be as high as 30%, with usual values around

10–20% (Wilson et al. ; Allen et al. ; Burba ). In

the case of our studied ecosystem, the relative value is esti-

mated around 12% (see supplementary material).

Minimizing the input parameters, without making

great compromises in accuracy, is of great importance in

ecosystem modeling. According to our findings, not all

environmental parameters have the same impact on ET

fluxes for the studied ecosystem. Net radiation and LSWI

can be adequate in order to provide an adequate estimation

of ET on seasonal basis. Considering that net radiation is a

quite easily measured or estimated parameter, that satellite

imagery offers many advantages in its estimation (Hou

et al. ; Verma et al. ; Chen et al. ). Its use

along with LSWI could meet further applications in evapo-

transpiration modeling (Barr et al. ).

Model performance

The seasonal fluctuation of measured against modeled ΕΤ

values, according to the three different modeling approaches,

as well as the comparison of the measured and modeled

values, is presented in Figure 6. The modeled values derived
://iwaponline.com/ws/article-pdf/21/6/2553/932502/ws021062553.pdf
from Equation (2), using ET0 as a proxy for evaporative

demand, are presented as Model 1, while the corresponding

values that use the water equivalent of net radiation as a

proxy for evaporative demand are presented as Model 2.

Finally, the modeled ET values that come from the empirical

regression of measured ET with LSWI, are presented as

Model 3. All the three models show very good seasonal co-

fluctuation and agreement with the measured values for

their 8-day running averages (Figure 6(a)–6(c)), with compar-

able R2 values, ranging from 0.85 to 0.89 (Figure 6(d)–6(f)).

The same applies when RMSE and NSE are considered,

with values ranging from 0.45–0.53 and 0.80–0.85, respect-

ively. It must be mentioned that typically this comparison

can be considered valid only for the cases of Model 1 and

Model 2, because the regression analysis in the case of

Model 3 comes from the same dataset with which the model

was evaluated, so typically that can be considered as autocor-

relation. However, our scope in this case is to present how the

modeled values of the empirical function co-fluctuate season-

ally with the measured values and what are the advantages

or disadvantages compared to the more mechanistic models.

In general, ET models have been reported to perform

quite satisfactory in several studies with R2 coefficients ran-

ging from 0.3 to 0.86 for crops (Battude et al. ; He et al.

; French et al. ) and 0.12–0.90 in natural forests

(Nagler et al. ; Verstraeten et al. ; Cleugh et al.

; Velpuri et al. ; Yao et al. ). According to

that, our modeling approach resulted in a model perform-

ance among the higher range.

However, the advantages of the developed model are

not mainly concerned with its performance, but its

simplicity. Although several models have used similar

approaches; that is, to use satellite indices to model the

crop coefficient, the most commonly used indices were

NDVI and EVI (Hunsaker et al. ; Guerschman et al.

; Glenn et al. ; Drerup et al. ; He et al. ;

French et al. ), which can adequately describe the

phenological stage of the vegetation but are poorer for

its water status. On the other hand, LSWI is related to

the total vegetation water content, and as a result to

both phenological stage and water status (Gao ).

Additionally, LSWI has been found to have a strong corre-

lation with LST (Mokhtari et al. ; Alexander ) and

thus can be used as a substitute of thermal spectrum



Figure 6 | Seasonal fluctuation of measured and modeled ET values at 8-day running averages; ET tower stands for the measured values from the eddy tower. ETmodel1 (a) and ETmodel2

stand for the modeled values using the reference evapotranspiration (b) and water equivalent of net radiation as proxy for evaporative demand. ETmodel3 stands for modeled

ET values with the use of the empirical regression with LSWI. (c). The corresponing correlations of measured against modeled values with the three different modeling

approaches (d)–(f), respectively. The coefficients of determination from the linear regression analysis (R2), the root mean square error (RMSE) and the Nash–Sutcliffe model

efficiency coefficient (NSE).
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(Sadeghi et al. ). Therefore, the use of LSWI, as a

scalar to crop coefficient, could potentially work as a

bridge between LST and crop coefficient based models.

This is even more important if we considered that the

studied ecosystem is not an agricultural site or a natural

forest, but a plantation grown on a degraded site.
CONCLUSIONS

In this study we presented the results of more than one-year

measurements and modeling of ecosystem evapotranspira-

tion for a Robinia pseudoacacia plantation grown after

restoration of highly disturbed land.

Reference evapotranspiration estimated from Equation (1)

(ET0) has given a higher value from actually measured

evapotranspiration (ET) from an eddy tower during the
om http://iwaponline.com/ws/article-pdf/21/6/2553/932502/ws021062553.pdf
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whole study period. A high value of ET was recorded in

May to middle August. SWC is related to daily ET via an expo-

nential function. The relationship between satellite spectral

indices and the corresponding daily evapotranspiration

values showed that LSWI was the most higher correlated

index. From the environmental parameters, LSWI and Rn

were those which had strong effect on ET. ET is dependent

on LSWI and it is an appropriate index for the description

of both phenological stage and water status of the studied

ecosystem.

The results of this study contribute to the better under-

standing of the behavior of Robinia pseudoacacia, as well

as the ecosystem processes of forest plantations grown on

disturbed sites, and potentially they can lead to further

investigation of the potential of minimization of the input

parameters on ET models, without great compromises on

model performance and accuracy.
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In general, although R. pseudοacacia is already a species

with an extensive distribution in Europe and worldwide,

there are still many things to be studied concerning its ecol-

ogy and behavior, and its contribution to the global carbon

and water cycle. We believe that our findings can have a sig-

nificant contribution in this direction.
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