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Abstract

The Eddy Covariance station provides observations of agrometeorological variables and
surface energy fluxes, collected from 2019 to 2022, in a citrus orchard located in the Souss-
Massa plain, Morocco. The present dataset comprises measurements recorded via a set
of aboveground and subsurface sensors. The aboveground setup consistently measures
air temperature, relative humidity, wind speed, net radiation, and precipitation. Addition-
ally, the subsurface setup continuously tracks soil temperature, moisture, and electrical
conductivity at depths from 5 to 80 cm, along with soil heat flux. Moreover, these setups
enable the measurement of turbulent fluxes (sensible and latent heat). Given the limited
availability of long-term agrometeorological data in semi-arid regions of the Mediterranean,
this paper addresses a critical data gap by providing a reliable agrometeorological dataset.
The latter consists of two types of data: 30 min interval files and high-frequency files
(20 Hz, i.e., one measurement every 50 ms). The processing of this data involved Card
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Convert, MATLAB EC-Pack, and Excel, with data quality control performed by removing
outliers and excluding nighttime fluxes. The dataset is organized in a table and provided
in a .csv format with standard metadata. It is designed for a wide range of applications, in-
cluding evapotranspiration modeling, satellite product validation, agroclimatic monitoring,
determining crop irrigation requirements, precision irrigation planning, and water manage-
ment. Additionally, the dataset can be reused for crop and hydrological model calibration,
as well as soil moisture and crop stress prediction using machine learning algorithms.

Dataset: DOI: 10.17632/rg4yb8m5sf.1; direct URL to data: https://data.mendeley.com/
datasets/rg4yb8m5sf/1.

Dataset License: CC-BY 4.0

Keywords: water management; citrus orchard; Eddy Covariance; micrometeorology;
irrigation; Morocco

1. Summary
There has been a clear imbalance between water supply and demand across the

Mediterranean. Different anthropogenic and natural factors have significantly contributed
to this imbalance, including climate change, prolonged droughts, population growth,
groundwater over-pumping, and agricultural intensification [1–3]. Precipitation in this
region has an irregular spatio-temporal distribution, which has further exacerbated water
shortages [4–6]. Over the last decade, climate change and ongoing pressure on water
resources have increased challenges for Mediterranean countries, including Morocco [7–10].

The Souss-Massa region is one of the most important agricultural zones in Morocco,
serving as the national breadbasket and a critical area for food security [11–15]. Given its
ideal climate and fertile soils, this region contributes nearly 85% of Morocco’s vegetable
exports and half of its citrus exports [11,16,17]. However, the area is classified as semi-arid
to arid; it receives limited precipitation (about 200 mm yearly), yet evapotranspiration can
reach nearly 2000 mm [11]. Therefore, monitoring agrometeorological parameters is highly
important for implementing sustainable agricultural practices. Monitoring provides scien-
tists and farmers with vital information regarding crop development, irrigation strategies,
and water requirements to minimize losses [18]. Given the limited availability of long-term
agrometeorological data in semi-arid Mediterranean regions, this study addresses a critical
data gap by providing a reliable dataset.

The Eddy Covariance (EC) technique has emerged as a fundamental tool for monitor-
ing these agrometeorological parameters, providing precise, high-frequency measurements
of energy and mass exchanges across Mediterranean agroecosystems [19]. Recent research
has utilized EC to reveal significant irrigation inefficiencies, such as 52% water loss via deep
percolation in citrus orchards, leading to the development of tailored irrigation protocols
for the Souss-Massa region [14]. Beyond direct measurement, EC serves as the primary
benchmark for validating remote sensing evapotranspiration products like PMLv2 and
SAFER, which are essential for scaling field observations to regional management [20,21].
In complex Mediterranean landscapes, progress has been made in refining EC data pro-
cessing by adapting gap-filling methods to account for wind direction and topographic
heterogeneity [22]. Furthermore, integrating EC with sap flow sensors has advanced the
partitioning of evapotranspiration into soil evaporation and plant transpiration, uncovering
how tree capacitance regulates water use in species like olive and citrus [23,24]. These
studies also highlight the role of orchards as significant carbon sinks, fixing up to 3855 kg

https://doi.org/10.3390/data11080191

https://data.mendeley.com/datasets/rg4yb8m5sf/1
https://data.mendeley.com/datasets/rg4yb8m5sf/1
https://doi.org/10.3390/data11080191


Data 2026, 11, 191 3 of 14

CO2/ha/year, thereby linking water management to climate mitigation [25]. Ultimately,
the synergy between EC measurements and satellite-driven models like SEBAL or METRIC-
EEFlux offers a robust framework for improving water productivity in these water-scarce
environments [26,27].

2. Study Site and Data Description
2.1. Study Site

The dataset was collected in a commercial citrus orchard (30◦21′29′′ N; 8◦58′57′′ W
and 208 m a.s.l), located in the El Guerdane area within the Souss Massa plain, a semi-arid
region in central Morocco, using an Eddy Covariance system installed on a 6 m tower
(Figure 1).

 

Figure 1. Location of the Souss-Massa region (A), the Souss-Massa plain (B), and the El Guerdane
farm monitoring site with the Eddy Covariance tower (C).

The citrus orchard consists of two plots of the clementine Esbal variety: one is 16 years
old, with a density of 1000 trees/ha and a spacing of 2 m between trees and 5 m between
rows, while the second plot is 3 years old with a density of 1500 trees/ha and a spacing of
1 m between trees and 5 m between rows [28]. The orchard periodically undergoes several
practices, including tree pruning, pest management, and soil tillage, to ensure good orchard
performance. The orchard’s soil is loamy sand with 80% of sands, 10% loam, and 10% clay.
The field capacity (θFC) and the wilting point (θWP) of the loamy sand soil are respectively
0.15 m3/m3 and 0.06 m3/m3 [15].

2.2. Data Description

The dataset provides continuous, high-temporal-resolution agrometeorological and
surface energy flux measurements for the period 2019–2022, offering valuable insights into
soil–plant–atmosphere interactions in data-scare Mediterranean areas (Table 1).
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Table 1. Data Summary.

Variable Name Definition Unit Sensor/Source

Date YYYY-MM-DD DataLogger “Campbell
Scientific CR3000”Time hh: mm

Wind speed Three-dimensional wind
speed (X, Y, Z) (m/s) 3-D Sonic Anemometer (CSAT3)

Average
upward/downward

shortwave and longwave
radiation

Average
upward/downward

shortwave and longwave
radiation

W/m2
Campbell Scientific

4-Component Net Radiometer
(CNR4)

Canopy temperature Canopy temperature
(vertical sensor)

(◦C) SI-111 Apogee Infrared
Thermometer (IRT)

Bare soil temperature Bare soil temperature
(tilted sensor)

Average air temperature Average air temperature (◦C) CS 215 Temperature and
Relative Humidity probeRH Air relative humidity %

Heat flux at 5 cm under
canopy

Soil heat flux; one between
the drippers and the other

under the dripper

W/m2 Hukseflux Heat Flux Plate
(HFP)

Heat flux in 20 cm under
canopy

Soil heat flux at
20 cm depth

Heat flux in 5 cm bare soil Soil heat flux at a 5 cm
depth in bare soil

VWC (%) under canopy Soil moisture at various
depths (from 5 to 80 cm)

%

CS 655 Time Domain
Reflectometer (TDR)

VWC (%) at 5 cm in bare
soil

Soil moisture at 5 cm in
bare soil

Soil conductivity
Soil conductivity at

different depths
(from 5 to 80 cm)

dS/m

Soil conductivity in bare
soil

Soil conductivity at
different depths (5 cm)

Soil temperature
Soil temperature at

different depths
(from 5 to 80 cm)

(◦C)

Soil temperature in bare
soil

Soil temperature at
different depths (5 cm)

LE Latent heat flux W/m2 Campbell Scientific Krypton
Hygrometer 20 Hz (KH20)H Sensible heat flux W/m2

G Soil heat flux W/m2 Hukseflux HFP

Rn Net radiation W/m2 Campbell Scientific CNR4

Rainfall Precipitation mm Rain gauge

ET0
Reference

evapotranspiration mm
Computed from other variables

ETa Actual evapotranspiration mm
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The present dataset, with half-hourly measurements and daily aggregation, includes:

i. Agrometeorological variables: Air temperature, relative humidity, rainfall, canopy
and bare soil temperature, soil temperature, soil electrical conductivity, volumetric
water content, and the computed actual (ETa) and reference evapotranspiration (ET0)
derived from the measured meteorological data.

ii. Surface energy fluxes: Net radiation (Rn), latent heat flux (LE), sensible heat flux (H),
and ground heat flux (G) (Figure 2).

Figure 2. Daily surface energy balance components (2019–2022).

Summaries of the data at 30 min intervals provide a clear, consistent record that can be
used to understand evapotranspiration dynamics, crop water demand, and energy balance
in semi-arid agriculture (Figure 2). The energy balance has been carefully checked and has
given a high degree of accuracy, with a coefficient of determination (R2) of 0.81. (Figure 3),
which demonstrates the quality and reliability of the data for both scientific and applied
research purposes.

Figure 3. Surface energy balance closure (2019–2022).
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The surface energy balance closure (EBC) for the study period was evaluated by
regressing turbulent fluxes (H + LE) against available energy (Rn − G). The resulting
closure ratio (CR ≈ 0.82) indicates a high degree of energy accountancy, consistent with
high-frequency 20 Hz Eddy Covariance measurements. This level of closure aligns well with
similar Mediterranean studies, such as those by Testi et al. [29] in Spanish olive orchards
and Cava et al. [30] in Italian short vegetation, where EBR typically ranges from 0.75 to
0.85. The residual imbalanced energy (≈18%) is likely attributed to the heterogeneous soil
moisture distribution under the drip irrigation system and the influence of the surrounding
mountainous topography on local advection.

Additionally, this agrometeorological dataset served as a reliable basis for calculating
the actual Kc for the clementine Esbal variety. This coefficient varies throughout the
irrigation season (initial, crop development, mid, and late season), taking into account the
crop type, leaf area, plant height, and phenological stage, to adjust the ET0 for a specific
crop. The actual Kc values were calculated as the ratio between ETa derived from the Eddy
Covariance system and ET0 computed from site agrometeorological parameters, according
to the single crop coefficient (Figure 4) [31]:

Kcact =
ETa

ET0

Figure 4. Daily actual Kc values and their derived stage average for clementine crop developed in
2023 by Abou Ali et al. [14], compared to the values from the FAO-56 paper and Rana et al. [31,32].

These boxplots (Figure 5) provide a concise statistical summary of the site’s clima-
tology over the study period (n = 1192 days). Air temperature remains relatively stable
with a median of approximately 20 ◦C, while relative humidity shows high variability (in-
terquartile range from 55% to 75%), reflecting the influence of the nearby mountain ranges
on moisture retention. The rainfall distribution is highly skewed, with most days recording
zero precipitation (median ≈ 0 mm/day), punctuated by several extreme storm events
reaching nearly 20 mm/day as indicated by the outliers. This visualization highlights
the semi-arid climate of this region characterized by consistent thermal conditions and
sporadic, high-intensity rainfall pulses.

https://doi.org/10.3390/data11080191
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Figure 5. Statistical distribution of climatological parameters: air temperature, relative humidity,
and rainfall.

This boxplot (Figure 6) compares the statistical distribution of ETa against ET0 over
the study period. The ETa (median ≈ 2.1 mm/day) is consistently lower than the potential
atmospheric demand, reflecting the water-limited conditions of the site. Among the
reference models, FAO-56 and Hargreaves show high agreement in their median values
(≈4.2 mm/day). In contrast, the Oudin method produces more conservative estimates with
lower variability, aligning more closely with the ETa magnitude. This comparison highlights
that while FAO-56 is the standard, simpler empirical models like Oudin may offer a more
tempered representation of evaporative demand in this specific regional morphology.

Figure 6. Comparison of actual evapotranspiration (ETa) and reference evapotranspiration (ET0).

The boxplot in Figure 7 illustrates the vertical distribution of volumetric water content
(VWC) measurement points. The highest moisture levels and variability are observed
at the 5 cm surface layer under and between drippers (medians ≈ 0.16–0.19 m3/m3),
directly reflecting the influence of irrigation pulses. In contrast, the bare soil (5 cm) remains
significantly drier (median < 0.05 m3/m3), highlighting the impact of canopy shading and
localized water application. At deeper profiles (20 to 80 cm), VWC stabilizes at lower values,
though the 60–80 cm layers show numerous potential upper outliers, likely indicating
deep percolation events during heavy rainfall. This confirms a highly heterogeneous soil
moisture profile driven by the irrigation system and canopy architecture.
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Figure 7. Spatial and vertical distribution of volumetric water content (VWC).

This time-series (Figure 8) provides a comprehensive overview of the climatic and
evaporative trends from September 2019 through 2022. The air temperature exhibits a strong
seasonal signal, with summer peaks frequently exceeding 35 ◦C and winter lows around
10 ◦C. Actual evapotranspiration (ETa) remains relatively stable (mostly < 5 mm/day),
but shows visible synchronicity with rainfall pulses recorded from March 2021 onwards.
Notably, ETa spikes immediately follow significant rainfall events, such as those in early
2022, highlighting the site’s rapid surface response to water input. This figure demonstrates
the transition from a thermally−driven to a moisture-pulse-driven evaporative regime in
this semi-arid environment.

Figure 8. Daily time-series of air temperature, actual evapotranspiration (ETa), and rainfall.

3. Methods
3.1. Experimental Design and Data Collection

The system consists of two setups (Figure 9); the first is an aboveground setup mounted
to the tower, comprising a CSAT3 measuring three-dimensional wind speed and direction,
coupled with a KH20 for high-frequency water vapor measurement. In addition to a CS215
air temperature and relative humidity sensor, a rain gauge is also attached to the tower
to record precipitation. Similarly, CNR4 is used for downward and upward shortwave
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and longwave radiation measurement, alongside two SI-111 IRTs: one measuring canopy
temperature, and the other measuring bare soil temperature. A subsurface setup is also
implemented, consisting of four Hukseflux HFPs: three under the canopy, two at 5 and
one at 20 cm, and another in bare soil at 5 cm. In addition, seven embedded TDR sensors
are employed, including six under the canopy at various depths, ranging from 5 to 80 cm
below the ground surface, and one in bare soil at 5 cm.

 

Figure 9. (a) Photos of the Eddy Covariance system; (b) illustrations of the Eddy Covariance system.

The monitoring system continuously records data with periodic retrieval of measure-
ments. The station is monitored continually to ensure consistent operation. Thus, the
experimental design represents an excellent monitoring framework of soil moisture, energy
fluxes, and other significant agrometeorological parameters in semi-arid environments,
supporting both the scientific community and the management and control of irrigation
water use.

Using a Scientific Campbell CR3000 data logger (Campbell Scientific, Inc., Logan,
UT, USA), the data is continuously recorded at two levels: a high-frequency (20 Hz)
measurement of air vapor and wind speed, while other variables are recorded at half-hour
intervals. Periodically, data is retrieved either manually from an SD card or tele-transmitted
in real-time to a distant server, to ensure continuous access to data and remote monitoring
of the station’s well-functioning. The raw data is stored in .dat files and consists of two
types: 20 Hz files representing high-frequency surface energy flux and wind speed data,
and a file for the remaining variables collected every 30 min.

3.2. Data Processing and Quality Control

The raw field data underwent a structured preprocessing and cleaning workflow.
High-frequency (20 Hz) data was converted from TOB1 format and processed using EC
Pack in MATLAB R2016a to derive 30 min estimates of sensible (H) and latent (LE) heat
flux. Meteorological data (30 min intervals) was converted to ASCII format for integration.

To ensure the repeatability and reliability of the daily totals presented in this study,
a secondary post-processing QC protocol was implemented based on the following
specific criteria:
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Physical Range Limits: All parameters were screened against physically plausible
boundaries (e.g., relative humidity within 0–100%, and solar radiation not exceeding the
solar constant).

Spike Detection (Despiking): Non-physical outliers in the daily energy sums were
identified using a 30-day moving window filter. Values deviating by more than $\pm3$
standard deviations from the local mean were flagged as spikes.

Precipitation Masking: Due to the known sensitivity of the KH20 ultraviolet hygrome-
ter to moisture, flux data (H and LE) recorded during and immediately after precipitation
events was excluded to avoid artifacts caused by signal attenuation from window wetting.

Gap Filling: The resulting gaps from the QC screening were filled using linear
interpolation for isolated missing daily values, ensuring a continuous time series for
the four-year analysis. Maintenance: Sensors were manually cleaned and leveled every
20 days to prevent bias from dust or biological debris.

After obtaining the cleaned flux dataset (H, LE, and supporting meteorological vari-
ables), the postprocessing involves computing ETa and ET0 as presented in Table 2.

Table 2. Actual and reference evapotranspiration equations.

Equation

Actual Evapotranspiration
Equation ETa =

LE
λ

FAO Penman–Monteith Equation
(FAO-56) ET0 =

0.408∆(Rn−G)+γ 900
T + 273 u2(es−ea)

∆+γ(1+0.34u2)

Hargreaves Equation (1985) ET0 = 0.0023(Tmean + 17.8)× (Tmax − Tmin)
0.5Ra

Oudin Equation (2005) ET0 = Ra
λ × Tmean+ 5

100

where

• ETa = Actual evapotranspiration (mm/day);
• ET0 = Reference evapotranspiration (mm/day);
• LE = Latent heat flux (MJ/m2/day);
• λ = Latent heat of vaporization;
• Rn = Net radiation at crop surface (MJ/m2/day);
• G = Soil heat flux (MJ/m2/day);
• T = Mean daily air temperature at 2 m height (◦C);
• U2 = Wind speed at 2 m height (m/s);
• es = Saturation vapor pressure (kPa);
• ea = Actual vapor pressure (kPa);
• ∆ = Slope of vapor pressure curve (kPa/◦C);
• γ = Psychrometric constant (kPa/◦C);
• Tmean = Mean daily air temperature (◦C);
• Tmax, Tmin = Daily maximum and minimum temperatures (◦C);
• Ra = Extraterrestrial radiation (MJ/m2/day).

4. User Notes
4.1. Value of Data

The present dataset provides continuous, high-resolution measurements of latent
and sensible heat fluxes, net radiation, soil moisture, and key meteorological variables,
enabling a high-resolution characterization of evapotranspiration dynamics and soil–plant–
atmosphere interactions. Crucially, this 1192-day record has already demonstrated its
practical utility by providing the empirical basis for adjusting Kc coefficients for clementine
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crops, effectively refining FAO-56 dual crop coefficient recommendations to match localized
semi-arid drip-irrigation responses [1,14,31]. Beyond this specific application, the dataset’s
20 Hz resolution serves as a robust ground-truth resource for refining the physical realism
of hydrological models such as AquaCrop, CropWat, SEBAL, and METRIC in Mediter-
ranean climates. Furthermore, the dataset enables the direct validation of satellite-derived
climate variables—including precipitation, surface temperature, and soil moisture—by
providing a continuous terrestrial benchmark to correct errors caused by atmospheric
interference [33,34]. This high-frequency database also supports the immediate training of
machine and deep learning models to predict crop water requirements and stress indica-
tors under fluctuating environmental conditions [35–37]. Finally, these data provide the
necessary evidence for agroclimatic zoning and drought monitoring, guiding sustainable
irrigation scheduling in data-scarce regions [38,39].

4.2. Limitations

The four-year dataset (2019–2022) reflects several specific technical and environmental
constraints. First, the KH20 ultraviolet hygrometer is sensitive to precipitation; signal
attenuation due to water droplets on the sensor windows required filtering and gap-
filling of H and LE data during rainy periods, which may introduce higher uncertainty for
these specific events. Second, the TDR soil moisture sensors provide high-accuracy point
measurements (six under the canopy and one in bare soil), but these may not fully represent
the total spatial variability of soil water content across the wider study area. Finally, a
perfect energy balance closure (Rn − G = H + LE) was not achieved, a common discrepancy
in flux studies that underscores the complexity of surface–atmosphere interactions even in
well-maintained agricultural sites.
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