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ABSTRACT

Developing a methodology for water balance estimation is a significant challenge, especially in areas

with little or no gauging. This is because direct measurements of all the water balance components

are not feasible. To overcome this issue, we propose a simple methodology based on the predefined

empirical relationship between remotely sensed evapotranspiration (ET), i.e. Moderate Resolution

Imaging Spectroradiometer (MODIS) ET and groundwater recharge (GR), and readily available

precipitation data at the monthly time step. The developed methodology was applied in seven

catchments in NE Greece using time series of precipitation and remotely sensed ET from 2009 to

2019. The potential of the proposed method to accurately estimate the water balance was assessed

by the comparison of the individual water balance components against modeled values. Three

performance metrics were examined and indicated that the methodology produces a satisfactory

outcome. Our results indicated mean ET accounting for approximately 54% of precipitation, mean GR

of 24% and mean surface runoff approximately 22% of precipitation in the study area. The proposed

approach was implemented using freely available remotely sensed products and the free R software

for statistical computing and graphics, offering thus a convenient and inexpensive alternative for

water balance estimation, even for basins with limited data availability.
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INTRODUCTION

Estimation of the water balance is a complicated task since

some of its constituents, especially changes in groundwater

storage, are difficult to measure directly and are often esti-

mated indirectly through various hydrological models or

using empirical methods. Empirical methods have been

developed for the computation of various water budget com-

ponents, such as evapotranspiration (ET), groundwater

recharge (GR) and surface runoff. A well-known and useful

formula for surface runoff computation is the Soil Conserva-

tion Service Curve Number (SCS-CN) documented in

Section 4 of the National Engineering Handbook (NEH-4)

of the US Department of Agriculture in 1956 (Mishra &

Singh ). A semi-empirical method for the estimation of

potential monthly ET is the Thornthwaite and Mather’s

(T&M’s) formula which appeared in 1955 and was revised

in 1957 (Black ). Despite the severe criticism the

method received, especially the 1955 edition which com-

prised some flaws, the specific approach based on the

revisions of 1957 has been widely used with quite acceptable

results (Black ). Nevertheless, T&M’s formula does not

account for vegetative effects. GR is the one component of

the water budget which is almost impossible to be measured

directly due to the nature of the property itself but also due to

the heterogeneity and complexity of the subsurface

(Kinzelbach et al. ). Although numerical modeling

offers a robust tool for indirect estimation of GR, its
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applicability is often constrained due to data scarcity, as even

where there are operational monitoring networks for hydro-

logical parameters, the maintenance costs result in frequent

failures to provide continuous hydrologic observations that

would support the development of reliable hydrological

models.

The need to obtain reliable GR estimates has been met by

the development of several empirical methods which are

usually applicable to the specific geographical regions where

they are developed. Such methods usually estimate GR

through a regression equation with precipitation and they

offer a reasonable alternative for GR estimation especially

in the United States and in India, such as the Maxey–Eakin

method (Maxey & Eakin ), the Sehgal method (Sehgal

), the Hearne and Dewey (Hearne & Dewey ), the

Anderson’s formula (Anderson et al. ), the Waltemeyer

approach (Waltemeyer ) and the methodology developed

by Kambhammettu et al. (). A common feature of those

methods is that they are developed for alluvial aquifers

which are characterized by mountain system recharge. How-

ever, they implicitly assume that increased precipitation leads

to increased GR, neglecting the impact of increased tempera-

ture which might transform excess rainfall to ET (Gemitzi

et al. ). Those empirical methods have minimum data

requirements, i.e. they usually require only precipitation

data, but their verification needs either output from hydrologi-

cal models or estimation of the rest of the water budget

components, i.e. surface runoff and ET.

Advances in remote sensing have greatly contributed to

modeling and prediction of basins with little or no monitoring,

where continuous data records of stream discharge and

groundwater levels are not available (Lakshmi ; Mohanty

et al. ; Mohammed et al. c, a, b). Previous

research has shown that remotely sensed observations can

be used to accurately compute the water balance by either

incorporating remotely sensed precipitation data (Lu et al.

) or computing ET losses based on remotely sensed land

surface temperature (Dalezios et al. ). Recently, Gemitzi

et al. () presented an empirical method for monthly GR

computation, using a regression formula and monthly

precipitation and remotely sensed monthly actual ET data.

This latter work has been applied and verified in a catchment

in NE Greece, demonstrating thus its applicability in a typical

mountain front system recharge Mediterranean basin.

The present work is an extension of the previously devel-

oped GR estimation methodology of Gemitzi et al. ().

Thus, we expanded our previous work to estimate not only

GR but all water balance components at the monthly time

step. This was achieved by scaling moderate resolution ima-

ging spectroradiometer (MODIS) terrestrial ET product

using monthly precipitation data as a containing parameter

for ET. The application of the proposed method was demon-

strated in seven basins in NE Greece, whereas performance

assessment was conducted in one of the study catchments

in comparison to the output from the widely used hydrologi-

cal model, namely Soil and Water Assessment Tool (SWAT)

(Arnold et al. ; Neitsch et al. ).

METHODS

Description of the methodology

The water balance equation describes the flow of water in its

various forms, into and out of a hydrological system (Palmer

):

Pþ L ¼ ETþ SR þ I (1)

where P stands for the precipitation for the considered

period, ET represents ET, SR is the surface runoff, I is the

infiltration to the vadose zone (soil water) and to ground-

water which results in changes in subsurface storage and L

is moisture loss from the soil in the form of capillary rise

or transport through vegetation. Equation (1) partitions pre-

cipitation and soil water losses into three components, i.e.

surface runoff, ET and changes in subsurface storage.

Units of measurement of the parameters of Equation (1)

can be either volumetric per unit of time (e.g. m3/month)

or units of length (vertical depth of water) per unit of time

(e.g. mm/month). Equation (1) can be applied at various

scales, e.g. at the soil column or at the catchment scale. In

any case, Equation (1) requires a closed system with no con-

tributions in and/or out of the hydrological system. If this is

not the case, e.g. surface runoff and/or groundwater flow

contributes to an adjacent basin or there are contributions

from adjacent basins, then the incoming and/or outflowing

water quantities should be taken into account.

441 G. Falalakis & A. Gemitzi | Water balance estimation using remotely sensed evapotranspiration data Journal of Hydroinformatics | 22.2 | 2020

Downloaded from http://iwaponline.com/jh/article-pdf/22/2/440/666248/jh0220440.pdf
by guest
on 16 August 2022



Computation of the water balance at the catchment

scale requires measured or computed data of at least three

of its constituents. The fourth can then be estimated solving

Equation (1) for the unknown parameter. As precipitation is

the most commonly measured parameter, measured precipi-

tation data were used whereas our methodology focuses on

the computation of the rest of the three components of

Equation (1) at the monthly time step. Therefore, in this

work, ET including soil water losses was determined using

the MODIS remotely sensed ET product, whereas GR was

computed using a previously defined empirical formula

developed in the study area (Gemitzi et al. ). Surface

runoff was then estimated as the remaining term of Equation

(1). In the following paragraphs, the description of the pro-

cess to estimate ET, surface runoff and changes in

groundwater storage is presented.

Estimation of monthly ET

ET is a crucial factor of the water balance as it routes pre-

cipitation back to the atmosphere, either directly as

evaporation or indirectly through the transpiration process

of plants. In tropical and mid-latitude countries, ET has

been reported to account for more than 50% of precipitation

(Leopoldo et al. ; European Academies Science

Advisory Council (EASAC) ). Remote sensing has

proved to be a convenient way to acquire estimates of ET

globally. MODIS ET products offer global gridded data

sets at 500 m spatial resolution (https://modis.gsfc.nasa.

gov/data/dataprod/mod16.php). 8-day composites of ET

and potential ET (PET) are available through the

MOD16A2 (Terra satellite) and MYD16A2 (Aqua satellite).

The initial algorithm for computation of MODIS ET

(Mu et al. ) used the Penman–Monteith ET formula

(Monteith ) and MODIS land cover, albedo, Leaf Area

Index (LAI), Fraction of Photosynthetically Active Radi-

ation (FPAR) and Enhanced Vegetation together with

daily meteorological reanalysis data from NASA’s Global

Modeling and Assimilation Office. The methodology was

further improved to account for night-time ET components

(Mu et al. ; Running et al. ). Since the algorithms

for MODIS ET estimation incorporates soil water losses,

MODIS ET was assumed to comprise both ET and L

terms of Equation (1).

In the present work, the 8-day ET composites provided

in the MOD16A2 data set were downloaded and processed

from January 2009 to June 2019. Processing of ET data com-

prises filtering based on the Quality Control (QC) layer

accompanying each ET layer and then aggregating of ET

values throughout each month to compute the monthly ET

pixel values. As the specific ET product is the result of a

complex algorithm which makes use of many other remotely

sensed parameters stated above, the QC layer contains

information for the corresponding input LAI/FPAR

(MYD15A2H) granule of the same 8-day composite period

and not for ET. Therefore, to reduce the uncertainty of

pixel-based ET values, a spatial average of all pixels in

each catchment area examined was computed and used

for further estimation of water balance at the basin scale,

instead of proceeding with the computation of the water bal-

ance at the pixel level.

Estimation of monthly GR and surface runoff

GR is computed using the regression equation developed in

Gemitzi et al. ():

GR ¼ 0:5174 � (P� ETMODIS)þ 0:2145 (2)

where GR corresponds to monthly GR (mm/month), i.e. the

water quantity that infiltrates to the subsurface and can be

considered as a reasonable approximation of the infiltration

term in Equation (1). P is the monthly precipitation

(mm/month) and ETMODIS stands for MODIS actual ET

(mm/month). Equation (2) was developed aiming to over-

come issues related to data scarcity in the construction of

hydrological models. Therefore, a calibrated and verified

hydrological model, i.e. SWAT model was used to define a

regression formula between modeled GR and ET estimates.

The modeled ET values were then replaced by remotely

sensed ET values, i.e. MODIS ET, providing thus a simple

formula for GR estimation based only on precipitation and

remotely sensed ET values. Equation (2) estimates monthly

GR as a fraction of monthly effective precipitation, i.e. pre-

cipitation minus actual ET. The applicability of the

methodology was tested in Vosvozis river basin in NE

Greece for a 10-year period (Gemitzi et al. ). In the

442 G. Falalakis & A. Gemitzi | Water balance estimation using remotely sensed evapotranspiration data Journal of Hydroinformatics | 22.2 | 2020

Downloaded from http://iwaponline.com/jh/article-pdf/22/2/440/666248/jh0220440.pdf
by guest
on 16 August 2022

https://modis.gsfc.nasa.gov/data/dataprod/mod16.php
https://modis.gsfc.nasa.gov/data/dataprod/mod16.php
https://modis.gsfc.nasa.gov/data/dataprod/mod16.php


present work, we applied Equation (2) to acquire estimates

of monthly GR in seven basins in NE Greece.

An encountered problem was that during summer

months, ETMODIS exceeded monthly precipitation. In this

case, monthly ET is scaled to equal monthly precipitation

and GR and SR are set to zero. In all other cases, i.e.

when a surplus of precipitation is available, Equation (2) is

used to compute GR. Monthly SR is then computed as the

remaining quantity from Equation (1). The methodology is

presented in the flow chart of Figure 1.

To test the accuracy of the produced results, a compari-

son against modeled results of the monthly water balance

in one of the seven study basins was performed. Vosvozis

river basin was selected as a testing site since for this

specific catchment there is a previously developed, cali-

brated and verified hydrological model, i.e. the SWAT

model (Pisinaras et al. ). The model was run with the

same parametrization for the period from January 2013

to June 2019 and results for ET, GR and surface runoff

were compared to the methodology presented herein.

In the SWAT model, ET was calculated using the

Penman–Monteith (Monteith ) method and SR with

the SCS-CN method. Three performance metrics were

computed, i.e. Index of Agreement (IoA) (Willmott ),

Pearson’s linear Correlation Coefficient (PCC) and

Root-Mean-Squared Error (RMSE) given by:

1. IoA:

IoA ¼ 1�

Pn
t¼1 (Pt �Ot)

2

Pn
t¼1 (jPt �Otj þ jOt � �Oj)

2
(3)

2. PCC:

R ¼

Pn
t¼1 (Ot � �O)(Pt � �P)

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Pn
t¼1 (Ot � �O)

2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Pn
t¼1 (Pt � �P)

2
q

r (4)

3. RMSE:

RMSE ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1

n

X

n

t¼1

(Pt �Ot)
2

v

u

u

t (5)

where n is the number of months in the examined time

series, Ot is the observed value (SWAT model), Pt is

the predicted value from this method, �O and �P are

the mean values of SWAT observations and predic-

tions of this method, respectively. All those indices

measure the performance of a model comparing the

predicted and observed values, and they express the

spread in Pt �Ot (Groenendijk et al. ). In cases

when significant errors in the model exist, the RMSE

is difficult to use to objectively assess the agreement

of modeled and observed values. Therefore, the

Figure 1 | Flow chart of water balance computation.
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dimensionless IoA is proposed as an alternative to express

the agreement in a more direct way (Willmott ). IoA

ranges from 0 (no agreement) to 1 (perfect agreement).

Study area description

The presented methodology was applied in seven catch-

ments in the Thrace region (NE Greece) (Figure 2). The

examined basins are (from west to east) Kosinthos, Vosvo-

zis, Filiouris, Irini, Erithropotamos, South Evros and

North Evros river basins and they were selected based

on the precipitation data availability within or close to

each basin. Mean annual precipitation (2013–2018) in

Thrace ranges from 522 mm (Alexandroupolis meteo-

station) to 667 mm (Didimoticho meteo-station). The cli-

mate of the area is Mediterranean with dry hot summers

and wet winters (Gemitzi et al. ). The topography

of the area comprises a flat terrain in the southern and

eastern parts and a mountainous area, i.e. Rhodope

mountain range, in the northern parts and along the

Greek–Bulgarian borders. Rhodope mountain range is a

pristine area covered by broad-leaved and coniferous

forest. Rhodope mountain range is formed by Paleozoic

metamorphic rocks, consisting of gneisses, schists, amphi-

bolites and marbles (Kilias et al. ). Fractured aquifers

are formed within those hard rock formations. The plain

areas are occupied by extended agricultural fields with

the main urban centers of the region, i.e. Xanthi, Komo-

tini, Alexandroupolis, Didimoticho and Orestias, also

located in this area. Those flat regions are formed by allu-

vial Pliocene and Quaternary deposits, and porous

aquifers are formed within those formations. Previous

research (Gemitzi ; Gemitzi et al. ) has shown

that the study area is a typical mountain system recharge

region where infiltration of precipitation through moun-

tain bedrock and stream bed infiltration of mountain

system runoff (Ajami et al. ) are the dominating hydro-

logical processes that recharge the alluvial aquifers in the

plain terrain.

Figure 2 | Location map of the study area and catchment sites. River basin names are in uppercase letters.

444 G. Falalakis & A. Gemitzi | Water balance estimation using remotely sensed evapotranspiration data Journal of Hydroinformatics | 22.2 | 2020

Downloaded from http://iwaponline.com/jh/article-pdf/22/2/440/666248/jh0220440.pdf
by guest
on 16 August 2022



Description of the data set

Remotely sensed MODIS 8-day ET (MOD16A2) were

obtained for a 10-year period, i.e. 2009–2019 and were pro-

cessed and aggregated at the monthly time step, whereas

monthly precipitation data acquired from seven meteorolo-

gical stations operating in the study region were also

obtained (Figure 2). Not all meteo-stations operated for the

same time period. Therefore, the period of available precipi-

tation data for each one of the seven stations is shown in

Table 1. All data for basin scale monthly MODIS ET

values and monthly precipitation for each one of the seven

monitoring sites are provided in the Supplementary Material

accompanying the present work.

Since there is an uneven spatial distribution of precipi-

tation data, spatial averages of monthly precipitation data

were acquired for each study basin aggregating precipitation

as monthly weighted averages of point data values using

Thiessen polygons (Thiessen ). Spatial interpolation

with Thiessen polygons is based on the assumption that

each measuring station is surrounded by its area of influence

where for any point within this area, precipitation is con-

sidered equal to the observed precipitation at the closest

gauge (Schumann ). The main disadvantage of the

method is that it does not account for topographic gradients;

however, for relatively flat catchments, it is considered as a

fairly accurate interpolation procedure (Olsson et al. ).

In the case of the study catchments where the topography

is not flat through the basins, a comparison against remotely

sensed GPM remotely sensed monthly precipitation data of

0.1� spatial resolution (Huffman et al. ) was performed.

Monthly GPM precipitation gridded data were averaged at

the catchment scale and were compared to the Thiessen

interpolated precipitation values for each examined

catchment.

All computations were performed using the open R pro-

graming platform and its packages Raster ver. 2.9–23

(Hijmans ) for reading, filtering and aggregating at the

basin scale MODIS ET data, deldir ver. 0.1–23 (Turner

) for creating spatial aggregates of precipitation data

using Thiessen polygons and ggplot2 ver. 3.2.0 (Wickham

et al. ) for preparing all graphics.

RESULTS AND DISCUSSION

Comparison of the interpolated precipitation data with

GPM data indicated that in all basins, there was a signifi-

cant agreement of the two data sets as evidenced by the

performance metrics examined (please refer to Supplemen-

tary Material). Therefore, IoA ranged from 0.997 (North

Evros) to 0.975 (South Evros), PCC ranged from 0.993

(Vosvozis) to 0.954 (South Evros). RMSE ranged from

4.5 mm/month in North Evros to 11.2 mm/month in

South Evros. Thus, the interpolation of in situ data does

not seem to have introduced substantial errors in the com-

putational process. Results of the methodology for the

estimation of water balance components are presented in

Figure 3. Since the operation period is different for each

meteo-station, the computation period for each study

basin is different. A parallel trend with different magni-

tudes is observed for both GR and SR. This is an

expected outcome since Equation (2) partitions approxi-

mately 52% of effective precipitation into GR with the

remaining part contributing to SR.

A common outcome observed in all basins is that ET is

the largest component of the water budget, returning thus

most of the precipitation back to the atmosphere. The

lowest ET rates are observed in Vosvozis and Filiouris

basins which might be associated with the lower precipi-

tation rates in combination with the plain topography and

alluvial deposits which favor GR. Results of the mean

annual water balance in all seven basins for the period

from 2013 to 2018 (common period of water balance

Table 1 | Operation period of meteorological stations in the study area

Meteorological

station Operation perioda

Operating

instituteb

Xanthi 01 January 2009 – present DUTH

Komotini 01 April 2013 – present DUTH

Imeros 01 July 2010 – present Meteo.gr (NOA)

Alexandroupolis 01 January 2009 – present Meteo.gr (NOA)

Metaxades 01 March 2010 – present Meteo.gr (NOA)

Didimotichon 01 January 2014 – present Meteo.gr (NOA)

Orestias 01 January 2009 – present DUTH

aPresent corresponds to June 2019 (time of conduction of this work).
bDUTH, Democritus University of Thrace; NOA, National Observatory of Athens.
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Figure 3 | Time-series plots of monthly water balance components for (a) Irini, Erithropotamos and Kosinthos basins, (b) Filiouris, South Evros and North Evros basins in NE Greece.
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computations for all study basins) are shown on the box

plots of Figure 4 and can be found in tabular form in Sup-

plementary Material.

According to these annual estimates of the water bal-

ance (Figure 4), ET in the study regions accounts for

approximately 54% of precipitation (mean ET of all exam-

ined basins) during 2013–2018 (excluding 2019 as the

complete precipitation record for this year was not available

at the time of completion of this study). Mean annual ET in

the study basins varied in the range of 39.3–62.5% of precipi-

tation for the same period. GR was found to account for

24% of precipitation, ranging from 19.5% to 31.5% of pre-

cipitation, while SR has a mean annual precipitation of

22%, varying from 17.9% to 29.1% of precipitation. Those

results are close to the ones estimated in National Program

for the Development and Protection of Water Resources

(Koutsoyiannis et al. ) and are published in the country

report of the European Academies Science Advisory

Council (EASAC) (). In that work, ET accounts for

approximately 51% of precipitation and the sum of GR

and SR accounts for remaining 49% of precipitation. Exam-

ining previously published research dealing with the

estimation of water balance in areas all over Greece, the

mean modeled values for runoff in 14 catchments in Thes-

saly (Central Greece) from 1960 to 2002 are reported to

range from 54% to 15% of precipitation (Vasiliades et al.

). Mean values of water balance components for Aison

River Basin (Central Greece) from 1976 to 2007 were

reported in Karpouzos et al. (), indicating a mean

actual ET of approximately 62%, and mean annual surface

runoff and infiltration of 9% and 29%, respectively, which

are comparable to the results found in the present work

taking into account that all the above-reported areas are

located south of the ones analyzed herein and at a different

hydrogeological setting. In Gemitzi et al. (), GR for Vos-

vozis catchment was determined using environmental stable

isotopes during summer 2013, and its values were reported

to range from 10.7% to 31.9% of precipitation.

Performance of the methodology is evaluated through a

comparison of the acquired results to SWAT model results,

Figure 4 | Annual water balance components in the seven study basins in NE Greece (2013–2019). Box lower and upper limits represent the first and third quartiles and dots the median

value of the data set. Wisher-ends are defined at 2nd and 98th percentiles of the data.
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in the testing basin, i.e. Vosvozis basin, from January 2013 to

June 2019. Figure 5 presents the comparison of ET, GR and

SR computed with the present methodology and by SWAT

model for the predefined 5-year period. Performance metrics

are shown in Table 2.

Results shown in Figure 5 indicate a satisfactory per-

formance of the proposed methodology which is also

evidenced by the metrics presented in Table 2. In general,

MODIS ET is higher than SWAT ET and ET scaled. ET

scaled and SWAT ET demonstrate obvious similar trends,

with SWAT ET demonstrating always higher values in dry

periods compared to ET scaled (Figure 5(a)). This is

because SWAT allows for ET from soil water even when

precipitation is limited. The present methodology does

not account for soil water ET since this is implicitly incor-

porated in the algorithm of MODIS ET computations (Mu

et al. ). Scaling, however, MODIS ET with local precipi-

tation data might result in the underestimation of soil water

losses during summer months as it forces losses to equal

precipitation during those months. A large deviation of

MODIS ET from SWAT ET and ET scaled is observed

during the summer months of 2016 and 2017, when there

was very low precipitation in the study basin. In this

case, MODIS ET seems to be closer to potential ET and

not the actual. This may be attributed to the use of precipi-

tation as a constraining parameter for actual ET

computations in SWAT algorithm and in our methodology,

which is not used in MODIS ET algorithm. Nevertheless,

the accuracy of the acquired results (Table 2) indicates

that scaling MODIS ET is a reasonable approximation for

ET computation.

Table 2 | Performance metrics of the methodology in Vosvozis basin (2013–2019)

Parameter IoA PCC RMSE (mm/month)

Groundwater recharge 0.99 0.99 4.41

Evapotranspiration scaled 0.98 0.97 6.18

Evapotranspiration MODIS 0.54 0.23 32.65

Surface runoff 0.98 0.97 7.49

Figure 5 | Verification of water balance components: (a) evapotranspiration, (b) groundwater recharge, (c) surface runoff.
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Concerning GR, there is an agreement between the

SWAT model and our method (Figure 5(b)). SR is found to

be higher in dry periods in the SWAT model, which corre-

sponds to the base flow (Figure 5(c)). However, the trends

of the two data sets also this time are similar. Performance

metrics in Table 2 indicate a very high IoA meaning that

the time series of water balance components evaluated with

SWATmodel andwith the presentmethodology demonstrate

common trends. Furthermore, the two othermetrics, i.e. PCC

and RMSE, indicate satisfactory outcomes. A considerably

lower performance was detected for the raw (unscaled) ET

MODIS data, due to the higher ET values, especially during

summer, compared to local precipitation data. This finding

can be explained examining the MODIS ET computation

algorithm (Mu et al. ; Running et al. ), that makes

use of NASA’s Global Modeling and Assimilation Office rea-

nalysis meteorological data with a coarse spatial resolution,

which are afterwards interpolated to the spatial resolution

of MOD16 products, i.e. 0.5 km. Even after being interp-

olated, such reanalysis data cannot describe the spatial

variability of meteorological parameters at the local scale.

Moreover, remotely sensed ET is estimated from data repre-

senting clear sky days only and there is no input from

cloudy days and this is certainly a limitation of remotely

sensed ET products. A recent validation study of MODIS

ET (Running et al. ) indicated a mean absolute error ran-

ging from 24.1% to 24.6%. Therefore, scaling remotely sensed

ET with in situ meteorological data is recommended when

local or regional research is the case. In our case, the scaling

of MODIS ET was based only on precipitation information

from stations operating in the plain part of the study area,

as there is a lack of available meteorological information in

themountainous parts. Better coverage of themeteorological

stations of the study area, especially of its mountain parts,

would certainly improve the accuracy of the outcome.

The results of the methodology presented herein indicated

that it can be used for computation of the water balance at the

monthly or coarser time step at the basin scale. It is certain that

it cannot depict the fine spatial and temporal resolution of the

results of a hydrologic model, but it can accurately allocate

monthly precipitation to various water components at the

catchment scale with a reasonable accuracy. A limitation is

that it was verified against a hydrologic model to only one

basin. This was due to data scarcity in surrounding catchments

for the development and calibration of a hydrologic model.

A future goal therefore should be the application of the meth-

odology to other Mediterranean areas where the comparison

with hydrologic modeling results is feasible. An advantage of

our method is that it requires only monthly precipitation

information, either from earth-based meteorological stations

or as remote sensing product. It can be applied even to

ungauged basins, provided that there is an established

relationship between precipitation and GR (usually from the

previous application of a hydrological model) in a basin of

analogous hydrological and climate setting.

CONCLUSIONS

In the present work, a simple methodology for the estimation

of the individual monthly water balance components at the

basin scale is proposed. The methodology is based on a pre-

viously developed empirical relationship between GR and

effective precipitation. Remotely sensed MODIS ET data

were processed and scaled before they were incorporated

in the process, along with available monthly precipitation

data. The proposed approach was applied in seven mountain

system recharge basins in NEGreece for a 10-year period, i.e.

2009–2019, and it was verified in one basin by comparing its

results with those acquired from the SWAT hydrological

model. Three performance metrics were examined, which

indicated that results are of reasonable accuracy. The

individual monthly water balance components computed

with this new approach at the basin scale resulted in mean

ET losses accounting for approximately 54% of precipitation,

mean GR of 24% and mean surface runoff of approximately

22% of precipitation in the study area. Although the method-

ology presented herein cannot depict the fine spatial and

temporal resolution of hydrological models, it certainly

offers a reliable and inexpensive alternative to hydrological

modeling for monthly water balance computation at the

catchment level, when little or no gauging stations exist.

ACKNOWLEDGEMENTS

The second author acknowledges the Technical Chamber

of Greece for its support through the project ‘Climate

449 G. Falalakis & A. Gemitzi | Water balance estimation using remotely sensed evapotranspiration data Journal of Hydroinformatics | 22.2 | 2020

Downloaded from http://iwaponline.com/jh/article-pdf/22/2/440/666248/jh0220440.pdf
by guest
on 16 August 2022



Changes and Dependent Eco systems in Eastern

Macedonia and Thrace’ (Project ID: 81472 – Democritus

University of Thrace). We would like to thank the

anonymous reviewers for their time and effort to review

and improve our work.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this paper is available

online at https://dx.doi.org/10.2166/hydro.2020.182.

REFERENCES

Ajami, H., Meixner, T., Dominguez, F., Hogan, J. & Maddock, T.

 Seasonalizing mountain system recharge in semi-arid

basins-climate change impacts.Groundwater 50 (4), 585–597.

doi:10.1111/j.1745-6584.2011.00881.x.

Anderson, T., Freethey, G. & Tucci, P.  Geohydrology and

Water Resources of Alluvial Basins in South-Central Arizona

and Parts of Adjacent States.

Arnold, J. G., Srinivasan, R., Muttiah, R. S. & Williams, J. R. 

Large area hydrologic modeling and assessment part I:

model development. Journal of American Water Resources

Association 34 (1), 73–89. doi:10.1111/j.1752-1688.1998.

tb05961.x.

Black, P. E.  Revisiting the Thornthwaite and Mather water

balance 1. Journal of the American Water Resources

Association 43 (6), 1604–1605. doi:10.1111/j.1752-1688.

2007.00132.x.

Dalezios, N. R., Dercas, N., Blanta, A. & Faraslis, I. N. 

Remote sensing in water balance modelling for

evapotranspiration at a rural watershed in Central Greece.

International Journal of Sustainable Agricultural

Management and Informatics 4, 306–337. doi:10.1504/

IJSAMI.2018.099219.

European Academies Science Advisory Council (EASAC) 

Groundwater in the Southern Member States of the European

Union : An Assessment of Current Knowledge and Future

Prospects Country Report for Greece Contents Greece

Groundwater Report.

Gemitzi, A.  Evaluating the anthropogenic impacts on

groundwaters; a methodology based on the determination of

natural background levels and threshold values.

Environmental Earth Sciences 67 (8), 2223–2237. doi:10.

1007/s12665-012-1664-5.

Gemitzi, A., Ajami, H. & Richnow, H. H.  Developing

empirical monthly groundwater recharge equations based on

modeling and remote sensing data – modeling future

groundwater recharge to predict potential climate change

impacts. Journal of Hydrology 546, 1–13. doi:10.1016/

j.jhydrol.2017.01.005.

Groenendijk, P., Heinen, M., Klammler, G., Fank, J.,

Kupfersberger, H., Pisinaras, V., Gemitzi, A., Peña-Haro, S.,

García-Prats, A., Pulido-Velazquez, M., Perego, A., Acutis, M.

& Trevisan, M.  Performance assessment of nitrate

leaching models for highly vulnerable soils used in low-input

farming based on lysimeter data. Science of the Total

Environment 499, 463–480. doi:10.1016/j.scitotenv.2014.07.

002.

Hearne, G. & Dewey, J.  Hydrologic Analysis of the Rio

Grande Basin North of Embudo, New Mexico, Colorado and

New Mexico. doi:10.1017/CBO9781107415324.004.

Hijmans, R. J.  Introduction to the ‘raster’ package (version 2 .

3-24). R-CRAN Project: 1–27.

Huffman, G. J., Stocker, E. F., Bolvin, D. T., Nelkin, E. J. &

Jackson, T.  GPM IMERG final precipitation L3 1 month

0.1 degree × 0.1 degree V06. Goddard Earth Sciences Data

and Information Services Center. Greenbelt, MD. doi:10.

5067/GPM/IMERG/3B-MONTH/06.

Kambhammettu, B. V. N. P., King, J. P. & Allena, P. 

Evaluation of mountain-front recharge estimation techniques

for Southern New Mexico basins. Int. J. Water Res. Environ.

Eng. 3 (March), 66–72.

Karpouzos, D. K., Baltas, E. A., Kavalieratou, S. &

Babajimopoulos, C.  A hydrological investigation using a

lumped water balance model: the Aison River Basin case

(Greece). Water and Environment Journal 25 (3), 297–307.

doi:10.1111/j.1747-6593.2010.00222.x.

Kilias, A., Falalakis, G. &Mountrakis, D.  Cretaceous-Tertiary

structures and kinematics of the Serbomacedonian

metamorphic rocks and their relation to the exhumation of

the Hellenic hinterland (Macedonia, Greece). International

Journal of Earth Sciences 88 (3), 513–531. doi:10.1007/

s005310050282.

Kinzelbach, W., Aeschbach, W., Alberich, C., Goni, I. B., Beyerle,

U., Brunner, P., Chiang, W. H., Rueedi, J. & Zoellmann, K.

 A Survey of Methods for Analysing Groundwater

Recharge in Arid and Semi-Arid Regions. doi:92-80702131-3.

Koutsoyiannis, D., Andreadakis, A., Mavrodimou, R., Christofides,

A., Mamassis, N., Efstratiadis, A., Koukouvinos, A.,

Karavokiros, G., Kozanis, S., Mamais, D. & Noutsopoulos, K.

 National Program for the Development and Protection

of Water Resources. Available from: http://www.itia.ntua.gr/

en/docinfo/782/ (accessed 20 September 2019).

Lakshmi, V.  Remote sensing of soil moisture. ISRN Soil

Science. doi:10.1155/2013/424178.

Leopoldo, P. R., Franken, W. K. & Villa Nova, N. A.  Real

evapotranspiration and transpiration through a tropical rain

forest in central Amazonia as estimated by the water balance

method. Forest Ecology and Management 73 (1–3), 185–195.

doi:10.1016/0378-1127(94)03487-H.

Lu, J., Chen, X., Zhang, L., Sauvage, S. & Sćnchez-Pérez, J. M. 
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