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DEFINITION OF RUNOFF THRESHOLDS INTEGRATING SATELLITE DATA 
AND IN-SITU MEASUREMENTS: 

RESULTS FROM VOINEŞTI EXPERIMENTAL BASIN (ROMANIA)

EXTENdEd ABSTRAcT
I processi di runoff sono influenzati da diversi fattori quali la tipologia e le proprietà del suolo, la copertura vegetale, la pen-

denza dei versanti e le caratteristiche degli eventi pluviometrici. Per la definizione delle soglie di generazione del runoff, a diverse 
scale spaziali e temporali, possono essere utilizzati modelli empirici, concettuali o fisici. l’utilizzo di modelli fisicamente basati 
consente di comprendere i processi idrologici a scala di bacino o di plot; per la loro applicazione sono richiesti un gran numero 
di variabili e una calibrazione sito-specifica che spesso ne limitano l’utilizzo. l’approccio modellistico empirico si basa sulla 
conoscenza di un numero limitato di parametri e per questo viene spesso preferito ai modelli più complessi, specialmente in aree 
scarsamente monitorate. Inoltre, i modelli empirici, sebbene non includano un collegamento diretto con i processi fisici e idrologici 
che si verificano nel sistema analizzato, si contraddistinguono per la semplicità e la rapidità di calcolo, nonché per un rapporto 
costi-benefici vantaggioso. molti studi hanno evidenziato l’importanza delle condizioni di umidità del suolo antecedenti ad un 
evento pluviometrico quale fattore critico che regola l’innesco del runoff. Purtroppo, il contenuto d’acqua del suolo è un parametro 
scarsamente monitorato o misurato in modo puntuale, risultando spesso non rappresentativo delle condizioni di umidità a scala di 
bacino. Per ovviare alla mancanza di dati a terra possono essere utilizzate le stime di umidità del suolo da satellite, testandone però 
l’effettivo utilizzo in siti sperimentali. In questo contesto il presente studio si propone di studiare empiricamente le soglie di in-
nesco del runoff in un bacino sperimentale situato in una regione collinare subcarpatica della Romania, nel comune di Voinești, dis-
tretto di dâmbovița. Realizzato nel 1963 e oggi gestito dall’Istituto Nazionale di Idrologia e Gestione delle acque della Romania, 
il sito sperimentale di Voinești è caratterizzato da depositi fluviali continentali pliocenici, prevalentemente sabbiosi, appartenenti 
alla fase finale di sedimentazione del Bacino dacico. l’area di studio presenta una piovosità media annua di 700 mm e la maggior 
parte degli eventi pluviometrici è registrata nel semestre aprile-settembre, con precipitazioni particolarmente rilevanti nel periodo 
giugno-luglio. Il sito in esame dispone di n. 10 plot, con diverse superfici e copertura di suolo di diversa natura, capaci di raccogliere e 
quantificare distintamente il deflusso superficiale, sub-superficiale e profondo, grazie ad una serie di canalette superficiali e tubi inter-
rati. Il bacino sperimentale di Voinești (Figg. 1-2) ha un’area di 0.74 km2 ed è equipaggiato con 6 stazioni pluviometriche e 8 sonde per 
il profilo di umidità del suolo ad acquisizione giornaliera del dato (modello PR2/6, delta-T device). le misurazioni di precipitazione, 
contenuto d’acqua e runoff, effettuate nel periodo 2016-2018, sono state integrate con stime satellitari di saturazione del suolo, ricavate 
dalla missione Sentinel-1 (SSm1km). l’obiettivo specifico dello studio è quello di ottenere soglie empiriche di innesco del runoff (vedi 
approccio di Fig. 4), focalizzandosi su un plot di 600 m2, caratterizzato da prato naturale che rappresenta la copertura tipica dell’area 
subcarpatica. a questo scopo, sono stati selezionati 45 eventi di runoff e per ognuno di questi sono state analizzate le condizioni di in-
nesco (umidità o grado di saturazione antecedente del suolo e la quantità di pioggia a scala di evento, P). 

l’approccio utilizzato si basa sull’impiego di due differenti indici (eq. 2, 3), entrambi espressi in mm: l’Antecedent Soil mois-
ture Index (aSI) e l’Antecedent Degree of Saturation Index (adSI), in grado di descrivere le condizioni antecedenti all’evento di 
runoff in termini di contenuto d’acqua volumetrico misurato a terra (aSI) e di grado di saturazione stimato da satellite (adSI). 
la Figura 6a illustra i dati di runoff vs. aSI+P, mentre la Figura 6b i dati di runoff vs. adSI+P. In entrambi i grafici è possibile 
individuare, empiricamente, le soglie d’innesco del runoff, valutabili in aSI+P = 65 mm e adSI+P = 67 mm. Questo lavoro ha 
individuato la soglia di innesco del runoff sia partendo da dati di umidità misurati a terra (indice aSI) sia considerando stime di 
saturazione satellitare (indice adSI), dimostrando l’utilità delle osservazioni satellitari per sopperire alla mancanza dei dati a terra 
di umidità del suolo. In conclusione, l’approccio qui utilizzato può essere esteso ad altri bacini o plots, considerando la possibilità 
di integrare diversi prodotti satellitari di umidità del suolo a diverse scale spazio-temporali.
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ABSTRAcT
understanding runoff-controlling mechanisms requires 

hydro-meteorological data derived from experimental plots 
or catchments. The present study focuses on the Voineşti 
Experimental Basin (VEB - Romania), which is in the curvature 
Subcarpathia and is characterised by outcropping continental 
fluvial deposits. VEB has different experimental plots built to 
understand the relations between runoff and its genetic and 
predisposing factors. The study analysed the monitoring data 
in a plot of 600 m2 covered by grassland. an empirical model 
defined the runoff threshold by integrating ground data and 
satellite estimations. By identifying 45 runoff events in the 
2016-2018 period, it was possible to define a runoff threshold 
considering the rainfall depth and the antecedent soil hydraulic 
conditions. Two indices were used based on the previous 
volumetric water content and the antecedent degree of saturation 
retrieved by the copernicus Sentinel-1 mission. By adding 
the rainfall depth to the soil antecedent hydraulic conditions, 
a runoff threshold of about 65-67 mm was identified. These 
findings encourage using satellite moisture products to describe 
hydrogeological processes in scarcely instrumented areas.

Keywords: surface soil moisture, runoff, experimental plots, Romania.

INTROdUcTION
Runoff processes are mainly affected by soil properties, land 

cover, hillslope, and storm properties such as rainfall duration, 
amount, and intensity (Sitterson et alii, 2018). as Weiler et 
alii (1998) reported, runoff-controlling mechanisms are generally 
modelled by rainfall-runoff models developed for distinct time and 
space scales. different models (from simplest to complex) can be 
used, such as empirical, conceptual, and physical (Sitterson et alii, 
2018). In general, empirical models require a few parameters, and the 
run time is fast, even if there is no connection with the physical and 
hydrological processes occurring in the catchment. complex runoff 
modelling involves many interconnected variables, requiring several 
parameters and a site-specific calibration (Singh, 2012). although 
physical models allow to understand hydrological processes at 
different spatial-temporal scales, the large amounts of data required to 
run them limit their usage (uhlenbrook et alii, 2004). 

In scarcely ungauged catchments, empirical models are chosen 
due to their simplicity of implementation, faster computational 
times, and cost-effectiveness (dawson & Wilby, 2001). This is 
particularly useful in mountain regions where ground-based data 
over territory are often unavailable (cambi et alii, 2010; lorenz 
& Kunstmann, 2012). many studies have identified antecedent 
moisture conditions as a critical factor governing the triggering of 
runoff produced by rainfall events (Zehe & Blöschl, 2004; James 
& Roulet, 2009; Berthet et alii, 2009; Penna et alii, 2011; 
Schoener & Stone, 2019; Todisco et alii, 2022). unfortunately, 

soil water content in catchments is not generally measured, or 
spot measurements are present that may be unrepresentative of 
the water content distribution at the catchment scale (Vereecken 
et alii, 2014; Ortenzi et alii, 2023). Satellite products of soil 
moisture estimation can overcome the lack of ground-based data, 
although testing the results on instrumented basins would be 
helpful. In this framework, the present study aims to investigate 
the runoff processes in a hilly region in Romania (Voineşti basin, 
curvature Subcarpathian mountains). In-situ measurements 
recorded during 2016-2018 (soil moisture content, rainfall, and 
runoff) are integrated with satellite data, presenting empirical 
runoff thresholds for natural grassland land cover. 

MATERIALS AND METHODS 
Geological and meteorological characteristics of the 
study area

Voineşti Experimental Basin (VEB) is located at an 
altitude of 500 m a.s.l. in the curvature Subcarpathians, 
Romania (45°05’05’’N 25°15’09’’E - Fig. 1) and has an area 
of about 0.74 km2. It is managed by the National Institute 
of hydrology and Water management of Romania. It was 
implemented in 1963 to establish relations between runoff 
and its genetic and conditional factors. The main goals of the 
monitoring in VEB are (i) to obtain data for rainfall-runoff 
mathematical models, (ii) to quantify the role of land use on 
the flow processes, and (iii) to study the soil water budget 
(Petrescu, 1974; mătreață, 2009; minea et alii, 2016; 
minea & moroşanu, 2016; minea et alii, 2022). 

In the study area, the outcropping continental fluvial 
Pliocene deposits belong to the final sedimentation phase of 
the dacian basin (Jipa et alii, 2007; Jipa & Olariu, 2009). 
according to the corine land cover 2018 dataset (clc), the 
catchment is covered by 42% natural grasslands, 35% broad-
leaved forest, and 23% fruit trees and berry plantations. 

Fig. 1 - Location of the Voineşti Experimental Basin (VEB - EPSG:4326)
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The VEB area is characterised by a moderate temperate 
continental climate, with an average rainfall of about 700 
mm/year, calculated over the 1981-2021 period. most rainfall 
events occurred in the warm semester (about 63% during 
april-September); the highest number of rainfall events was 
recorded during the June-July period (25%), and the highest 
maximum rainfall intensity was recorded in august 2005 
(higher than 1.25 mm/min). The cold semester (October-
march) is frequently characterised by snow periods, with a 
mean minimum temperature reached in January (-2.2 °c) and 
an absolute minimum of -22.6 °c in January 1979. during the 
warm semester, a mean temperature of about 17.3 °c is reached; 
July is the month of the maximum mean temperature (17.9 °c), 
with an absolute maximum of 37.3 °c in 2,000 (a dry year).

Characteristics of plots and instruments
The VEB has 10 plots (Fig. 2), with different areas (from 

10 to 900 m2) and different land cover (Table 1). The plots are 
bounded by concrete walls equipped with collection channels 
composed of gutters and underground pipes. In the bottom part, 
shelters containing calibrated tanks with drainage installation 
to evacuate collected water are present (Fig. 3). The VEB plots 
allow to collect distinctly the “hortonian Overland Flow”, the 
“Fast Subsurface Flow” collected at 0.4 m depth, and the “deep 
Percolation” collected at 1.3 m, by using underground pipes 
placed at different depths (minea et alii, 2019). more specifically, 
for this study, runoff depth means the amount of water stored in 
the reservoir that collects the shallowest flow (overland flow). 

For the analyses of runoff thresholds, plot no. 8 has 
been selected to investigate grass areas widely diffused in 
the Subcarpathian mountains. Jurchescu et alii (2019) 
reported that significant areas are covered with pastures and 
natural grasslands, favouring slope modelling processes 
over vast expanses. The shallowest soil layer of plot no. 8 is 

predominantly sandy soil, with a porosity (n) of about 0.45, a 
dry unit weight (γd) of 14.32 kN/m3 and a saturated volumetric 
water content of 0.45 m3/m3 (maftei et alii, 2002; minea et 
alii, 2019). The most predominant particle size fraction is sand 
(64.8%), followed by clay (17.8%) and loam (17.4%). The 
soil sample is mainly composed of quartz (41.4%), followed 
by albite (19.0%), muscovite/illite (18.8%), magnesium iron 
silicate (12.6%), ferrosilite (7.0%), and vermiculite (1.2%). 
Soils have a high iron oxide (FeO) content, about 9.4%.

VEB is equipped with 6 rain gauges and 8 soil moisture 
probes (delta-T device profile probe, PR2/6); the reliability 
of acquisition of the latter is strictly related to the knowledge 
of soil characteristics (Robinson et alii, 1999; logsdon et 
alii, 2010; di matteo et alii, 2018; di matteo et alii, 2021; 
Ortenzi et alii, 2022). acquiring reliable rainfall depth and 
soil moisture content data is mandatory to study the slope 
processes during natural events.

Fig. 2 - Digital Elevation Model of VEB with the location of instruments (a) and detail of the experimental plots (b)( EPSG:31700)

Tab. 1 - Main characteristics of plots
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Satellite soil moisture data 
Since 2013, with the European copernicus Project (copernicus 

Global land Service - cGlS), the European Space agency has been 
working on the retrieving of several climate variables with a high 
spatial and temporal resolution for monitoring processes involving 
the earth’s surface (Bauer-marschallinger et alii, 2018a). 

The Sentinel-1 mission consists of a constellation of two 
polar-orbiting satellites (Sentinel-1a, launched in 2015 and 
Sentinel-1B, launched in 2016) performing c-band synthetic 
aperture radar (c-SaR) imaging. 

Specifically, the model Tu-Wien-change-detection is used 
to derive the relative Surface Soil moisture of the first 50 mm of 
soil expressed as a degree of saturation (SSm) (Wagner, 1998). 
This model retrieves the SSm(t) based on the comparison of the 
normalised radar backscatter observations at time t (θ40(t)) and 
the long-term backscatter wettest (θ0

wet(40)) and driest (θ0
dry(40)) 

soil conditions observations (Eq. 1). Estimation of SSm(t) 
has some problems in extremely dry conditions, frozen soils, 
snow-covered soils, flooded areas, and slopes higher than 17°. 
In these cases, flag values mask the areas where the retrieved 
SSm(t) value is meaningless.

                 SSM(t) = (θ40(t) ‒ θ 0 
dry(40) ) ⁄ (θ 0 

wet(40) ‒ θ 0 
dry(40) )                     (1)

SaR instrumentation, operating in c-band, is affected 

by ground roughness and vegetation; in particular, the latter 
attenuates the radiation emission from the soil by adding its 
contribution to the recorded backscatter (Wang & Qu, 2009; 
Barrett & Petropoulus, 2013; Kim et alii, 2020; Balenzano 
et alii, 2021). Furthermore, the algorithm that derives SSm(t) 
values applies a static correction to the vegetation by not 
considering the vegetation period. The retrieval SSm(t) values 
are freely distributed (https://land.copernicus.eu/) as SSm1km 
and describe soil moisture in the top 50 mm depth with a spatial 
resolution of about 1 km and a temporal resolution of 4-5 days.

Empirical Method To Define Runoff Threshold
Several rainfall events must be identified to define the 

threshold triggering the runoff empirically. This approach 
requires the knowledge of antecedent soil moisture conditions 
and the event rainfall depth (P) which generate the runoff (R). 
according to haga et alii (2005), antecedent soil moisture 
condition can be described by the antecedent Soil moisture 
Index (aSI, Eq. 4), which is expressed in mm; in this way, it 
can be added to P, also expressed in mm. after selecting runoff 
events and plotting R values (mm) vs. aSI+P (mm), the runoff 
threshold can be identified (Penna et alii, 2015; Scaife et alii, 
2020; Wang et alii, 2022). Fig. 4 shows the workflow procedure 
in order to obtain the runoff generation threshold by analysing 
several runoff events (R), of which both, the antecedent water 
content (expressed with aSI) and the rainfall (P), are known. 

as Eq. 2 shows, the aSI considers the volumetric water content 
measurements (θ) acquired by soil moisture probes at a depth (h). 

                                           ASI = θ ∙ h                                         (2)

Fig. 4 - Workflow for defining the runoff threshold

Fig. 3 - Panoramic view of the plots (a), with detail of collecting tanks (b)
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Todisco et alii (2022) introduced a new index, also expressed 
in mm (antecedent degree of Saturation Index, adSI - Eq. 3), that 
allows the use of the retrieves of the SSm(t) as a factor to consider 
the hydrological properties of soils antecedent to the rainfall event. 

                              ADSI = (SSM(t) ⁄ 100) ∙ h1                            (3)

adSI can be expressed as a function of aSI by introducing the 
soil porosity (n), Eq. 4.

                               
                               ADSI = (h1/h) ∙ASI ⁄ n                            (4)

RESULTS
To study the rainfall-runoff response on plot no. 8, the present 

study considers the change in water content and degree of saturation 
during 2016-2018. Inside the plot the shallowest soil moisture 
measurement is carried out at 10 cm depth by using the PR2/6 
probe (PR3 in Fig. 2). Fig. 5a shows the trend of the volumetric 
water content with rainfall recorded at the G1 rain gauge (Fig. 2). 
In the analysed period θ values ranged between 0.26 m3/m3 and 
about 0.45 m3/m3. The maximum value was reached on July 27, 
2018, as consequence of a prolonged rainy period (about 316 mm 
during June-July 2018). It should be noted that θ measurements 
are not continuous over the period analysed, especially during the 
winter periods, due to weather conditions that do not allow the 
acquisitions to be made. considering the soil porosity (n = 0.45), 
the soil degree of saturation ranged between 57% and about 100%. 

Figure 5b shows the same observation period’s SSm(t) trend. 
although SSm(t) values are estimated for the first 5 centimetres of 
the soil, the observations follow the trend of θ values, confirming 
the capability of Sentinel-1 SSm retrievals to capture soil moisture 
changes to rainfalls (e.g., Bauer-marschallinger et alii, 
2018b). as expected, SSm(t) values vary much more with rainfall 
events, reacting to the precipitation faster than the water content 
measurements at 10 cm depth and reaching values higher than 80% 
during rainy periods. Owe et alii (1982) analysed the water content 
in samples taken at different depths, noting greater variability in the 
first soil centimetres (up to 2.5 cm) than deeper layers (up to 10 cm). 
The results of the statistical comparison of SSm1km against in-situ 
θ observation indicate a value of Spearman rho correlation (Ø rho) 
of about 0.40. This value agrees with the statistical evaluation by 
Bauer-marschallinger & massart (2022) performed on 20 in-
situ stations in Romania (RSmN network, Ø rho = 0.47).

Forty-five runoff events occurring during no snowfall periods 

Fig. 5 - Soil moisture trend recorded by PR2/6 probe in PR3 monitor-
ing point (a) and SSM(t) values estimated by Sentinel-1(b), 
rainfall data refers to the G1 rain gauge

Fig. 6 - - Runoff threshold defined by ASI+P (a) and ADSI+P (b).
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have been selected. In detail, 35 events are preceded by an SSm(t) 
estimation, 27 are preceded by a soil moisture measure (θ), and for 
only 17 events, both SSm(t) and θ are measured. many runoff events 
occurred in June-July, corresponding to the higher concentration of 
rainfall events. among the runoff events, the highest occurred on 
July 9, 2018 (14.9 mm after a rainfall depth of 47.6 mm, preceded 
by a θ value of 0.34 m3/m3 and an SSm(t) value of 99%).

Figures 6a-6b show the runoff vs. aSI+P and runoff vs. adSI+P 
diagrams for plot no. 8. Each point is classed for ranges of rainfall 
depth and SSm or θ. Figure 6b shows clearly that the maximum 
runoff events occurred when the first centimeters of soil approached 
the full saturation (SSm(t) > 90%). This result is not observed in 
Fig. 6a, between runoff (R) and aSI+P; in this case, the maximum 
runoff event is not preceded by a high value of θ, probably due 
to the delay of water migration toward the measuring point (10 
cm depth). di matteo et alii (2021) highlighted and described this 
process in similar sandy soils monitored by the PR2/6 probe in an 
experimental site in different meteorological conditions. 

It should be noted that using both aSI and adSI indices 
made identifying runoff thresholds in plot no. 8.  In detail, the 
runoff threshold identified by using the aSI+P approach has 
a value of about 65 mm (Fig. 6a). considering the adSI+P 
approach based on satellite SSm estimation, the threshold 
value is about 67 mm (Fig. 6b). 

dIScUSSION ANd cONcLUSIONS 
The results obtained for the VEB plot sustain the empirical 

methods’ capability to establish the runoff thresholds in medium-
to-high permeability soils. using both indices (aSI and adSI) 
it was possible to identify runoff thresholds. The use Sentinel-1 
SSm1km product, despite at non-daily resolution, made it possible 
to individuate a sufficient number of events, preceded by a satellite 
soil moisture estimation, to define the runoff threshold.

although the physical meaning of aSI and adSI indices 
differs, the runoff thresholds derived by the two approaches 
(aSI+P or adSI+P) have similar values. as illustrated in the 
material and methods section, the aSI considers θ values, while 
the adSI considers the soil degree of saturation. moreover, 
the two indices are calculated by considering different survey 
depths. By considering the shallowest measurement depth 
of θ obtained by the PR2/6 probe (h = 100 mm), the satellite 
SSm(t) investigation depth (h1 = 50 mm), and the soil porosity 
measured in plot no. 8 (n = 0.45), the adSI index for the VEB 

site results 1.11 times higher than aSI index. In other words, 
adSI and aSI values are similar since h1/h ratio is close to the 
local soil porosity. In this case, no significant changes in soil 
porosity over time are expected since plot no. 8 is not worked, 
and the ground cover remains consistently the same (grassland). 

In this study, the results obtained comparing in-situ θ observation 
made by PR2/6 in the PR3 monitoring point and SSm(t) values at a 
1 km scale are satisfying overall as they align with the results obtained 
in the literature (Bauer-marschallinger et alii, 2022). moreover, 
the Sentinel-1 SSm1km product seems to record soil moisture 
changes and reproduces peaks and lows of ground soil moisture.

The employment of free and ready-to-use satellite datasets 
can implement the strength of empirical models, decreasing the 
unknown variables in unmonitored areas, at least about water 
content. The results show that it is possible to overcome the lack 
of ground-based data by using satellite observations to describe 
runoff trigger thresholds empirically. In other words, results 
obtained using satellite data are comparable to those obtained 
using in-situ data. moreover, the information obtained in the 
satellite’s first few centimetres of soil makes it possible to make 
further considerations. according to Wei et alii (2020), two 
runoff thresholds can be individuated: the “generation threshold” 
(slow response) and the “rise threshold” (rapid response). as 
shown in Fig. 6b, small runoff activations are present before 
the identified runoff threshold that represents the rise threshold. 
Since few runoff events are lower than 2 mm, it remains difficult 
to identify the generation threshold in the R vs. adSI+P plot. 
Further research can acquire new runoff events applying the 
developed method in other plots having different land use 
(e.g., plot n. 9): this approach may help also to evaluate runoff 
threshold considering variations of water content measurement in 
depth considering the presence of a water content profiler probe 
(PR-6 in Fig. 2). In conclusion, the approach used here can be 
extended to other catchments or plots, considering the possibility 
of integrating different satellite soil moisture products. 
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