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Abstract: In Morocco, cereal production shows high interannual variability due to uncertain rainfall
and recurrent drought periods. Considering the socioeconomic importance of cereal for the country,
there is a serious need to characterize the impact of drought on cereal yields. In this study, drought is
assessed through (1) indices derived from remote sensing data (the vegetation condition index (VCI),
temperature condition index (TCI), vegetation health ind ex (VHI), soil moisture condition index
(SMCI) and soil water index for different soil layers (SWI)) and (2) key land surface variables (Land Area
Index (LAI), soil moisture (SM) at different depths, soil evaporation and plant transpiration) from a
Land Data Assimilation System (LDAS) over 2000–2017. A lagged correlation analysis was conducted
to assess the relationships between the drought indices and cereal yield at monthly time scales.
The VCI and LAI around the heading stage (March-April) are highly linked to yield for all provinces
(R = 0.94 for the Khemisset province), while a high link for TCI occurs during the development
stage in January-February (R = 0.83 for the Beni Mellal province). Interestingly, indices related to
soil moisture in the superficial soil layer are correlated with yield earlier in the season around the
emergence stage (December). The results demonstrate the clear added value of using an LDAS
compared with using a remote sensing product alone, particularly concerning the soil moisture in the
root-zone, considered a key variable for yield production, that is not directly observable from space.
The time scale of integration is also discussed. By integrating the indices on the main phenological
stages of wheat using a dynamic threshold approach instead of the monthly time scale, the correlation
between indices and yield increased by up to 14%. In addition, the contributions of VCI and TCI to
VHI were optimized by using yield anomalies as proxies for drought. This study opens perspectives
for the development of drought early warning systems in Morocco and over North Africa, as well as
for seasonal crop yield forecasting.
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1. Introduction

Agronomical drought, which is mainly caused by a deficit in water supply, is a major natural hazard
to rainfed agricultural systems [1–3], causing up to 80% of yield losses worldwide [4]. In the semiarid
regions of the south Mediterranean, 80% of arable lands are rainfed, enhancing the vulnerability of
agriculture to drought events [5–7]. As a consequence, agricultural production, and cereal yields in
particular, which are critical for food security [8], shows a very high interannual variability in these
regions owing to uncertain rainfall and drought periods [9–11]. Drought frequencies have already risen
in the Mediterranean area. In Morocco, the frequency changed from one event every 10 years at the
beginning of the 20th century to 5 or 6 events every 10 years at the beginning of the 21st century [12,13].
In addition, climate change is expected to increase the frequency and severity of drought in Europe
and Mediterranean countries [14–18]. For some countries such as Morocco, national cereal production
does not cover the country’s needs due to low productivity, even during sufficiently rainy years with a
coverage rate for the country’s needs ranging between 30 and 80% [19]. The first step towards drought
mitigation is drought monitoring; thus, it is highly important to develop an early warning system for
drought monitoring and to evaluate its linkages with yields regarding the dramatic socioeconomic
consequences of a failure of cereal production [20].

Wilhite and Glantz (1985) classified drought by characterizing the cascade of impacts of a
rainfall deficit (i.e., the meteorological drought) on water resources (hydrological drought), on the
agricultural sector (agricultural drought) and on the country’s economy (socioeconomic drought) [21].
Agricultural drought is related to a persistent lack of moisture in the root zone [22], affecting crop health
and production. Thus, assessments of agricultural droughts should rely on a complex combination
of variables related to water inputs, climate factors impacting the atmospheric evaporative demand,
such as temperature or incoming radiation, soil factors and factors related to crops such as its leaf
area index [23]. In addition, the timing of drought occurrence during the crop season, potentially
associated with temperature and biotic stresses, is of prime importance to determine the impact on
yields [24], because even a short water deficit occurs during the most sensitive phenological stages
of cereals can drastically decrease production [25,26]. Thus, an early warning system for drought in
terms of anticipating wheat production should also be able to deliver timely and accurate information
at specific growth stages throughout the crop season.

The first systems for drought monitoring were mainly based directly on rainfall amount [1]
or on related indices, such as the Standardized Precipitation Index (SPI; McKee et al., 1993 [27]).
Considering the complex features of agricultural drought already highlighted, several authors
considered other variables for drought monitoring [10,28–30]. In particular, air temperature is
both a governing variable in the atmospheric evaporative demand and crop evapotranspiration and
a limiting factor of wheat production when strong anomalies (negative during the early stage of
winter or positive around the heading stages) negatively impact yield [31,32]. The same reason also
motivated the development of an extended SPI called the Standardized Precipitation Evapotranspiration
Index (SPEI; Vicente-Serrano et al., 2010 [33]) to consider the effect of atmospheric evaporative
demand. Nevertheless, considering that the lack of station data is often an obstacle in semiarid
areas, several drought indicators derived from remote sensing observations, which are now freely
available on a global scale, were quickly considered to monitor the severity and intensity of drought
conditions [34–37]. Drought might affect vegetation and soil properties, such as vegetation biomass
and development, canopy and soil temperature and soil moisture [38]. Remote sensing can provide
information on vegetation vigor thanks to vegetation indices acquired in the optical domain, such as
the normalized difference vegetation index (NDVI), land surface temperature (LST) derived from
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thermal infrared data and soil moisture (SM) retrieved from active or passive microwave observations.
Most of the remote sensing drought indices are based on normalized anomalies of these products.
For instance, Kogan (1995) developed the vegetation condition index (VCI) based on NDVI and the
temperature conditions index (TCI) based on LST, which have been shown to be two useful tools for
monitoring drought on regional or global scales [39]. VCI was also shown to be strongly correlated
with crop yield [40–43]. In addition, some studies found that a joint consideration of VCI and TCI
together through the vegetation health index (VHI; computed as a weighted sum of TCI and VCI) was
better suited for drought monitoring than considering both indices separately [39,42,44]. As there is
no a priori knowledge of the actual contribution of the chlorophyll tissues and of the temperature
conditions for the vegetation health in a given region, the value of α as proposed by Kogan (1995)
was 0.7, as VCI already considers the temperature effect on vegetation, but, more recently, a value
of 0.5 was used by several authors, including Kogan (1997). Several recent studies questioned the
value of 0.5 and proposed some new approaches for optimizing the values of this index [45–47].
In addition to temperature and vegetation conditions, some indices related to the SM conditions have
also been proposed, as several surface SM products, mainly derived from microwave sensors with
several dedicated missions (Soil Moisture and Ocean Salinity (SMOS), Advanced Microwave Scanning
Radiometer (AMSR), and Soil Moisture Active Passive (SMAP)), are now available. The soil moisture
condition index (SMCI) was developed by Zhang and Jia (2013) to describe drought conditions from
a soil moisture perspective, which does not consider meteorological factors [48]. Table 1 displays a
non-exhaustive list of studies based on different drought indices.

Nonetheless, the shallow sensing depth and the uncertain accuracy of currently available satellite
SM retrievals fostered the integration of land surface models and surface SM observations or the leaf
area index from satellites using data assimilation techniques to obtain more accurate root-zone SM
estimates. Data assimilation techniques allow for the integration of spatially and temporally observed
information into land surface models (LSMs) in a coherent way [49,50]. The Land Data Assimilation
System (LDAS) refers to the framework where LSMs are driven by and/or ingest such observations,
generating enhanced estimates of the land surface variables (LSVs) [51]. Recently, several operational
land data assimilation systems (LDAS) have emerged, such as the coupled land vegetation LDAS
(CLVLDAS, [52]) and the famine early warning systems network (FEWSNET) LDAS (FLDAS, [53]).
SM data assimilation has also been actively investigated as a tool for improving operational drought
monitoring [51,54,55]. Previous studies have demonstrated that the assimilation of surface SM retrievals
can improve the estimation of root-zone SM by a land surface model [50,54,56–61]. In particular,
for agricultural drought monitoring, Bolten and Crow (2012) described the benefit of assimilating
surface SM retrievals from the Advanced Microwave Scanning Radiometer for Earth Observing
System (EOS; AMSR-E) into the modified Palmer SM model developed by the U.S. Department of
Agriculture (USDA) [62]. In addition, they demonstrated that the assimilation of AMSR-E surface SM
retrievals substantially improves the performance of a global drought monitoring system, especially for
instrumented areas of the world where high-quality rainfall observations are unavailable. Additionally,
Albergel et al. (2018) noted that the LDAS-monde (the land data assimilation system developed in the
research department of the French meteorological service) is better able to characterize agricultural
droughts than an open-loop counterpart (i.e., a model without any assimilation of satellite-derived
measurements) [63].

Within this context, the main objective of this work is to evaluate the impact of agricultural
drought on cereal yields in Morocco. Drought is assessed with extensively used remote sensing indices
as well as outputs of an LDAS.
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Table 1. Summary of remote sensing drought indices.

Authors Index Name Data Region Period

Kogan, 1995 [64] Vegetation condition index (VCI) NDVI AVHRR United States 1985–1990

Kogan, 1995 [64] Temperature condition
index (TCI)

bright temperature
(BT) AVHRR United States 1985–1990

Kogan, 1997 [44] Vegetation health index (VHI)
NDVI AVHRR

bright temperature
(BT) AVHRR

United States 1990–1994

Gao, 1996 [65] Normalized difference waterindex
(NDWI) AVIRIS United States 1995

Wang et al., 2001 [66] Temperature vegetation condition
index (TVCI) AVHRR Northwest

China 2000

Peters et al., 2002 [67] Standardized vegetation index
(SVI) NDVI AVHRR United States 1989–2000

Gu et al., 2007 [68] normalized difference drought
index (NDDI) MODIS United States 2001–2005

Wang and Qu, 2007 [69] Normalized multiband drought
index (NMDI) MODIS United States 2001–2005

Ghulam et al., 2008 [70] Vegetation water stress index
(VWSI) LANDSAT China 2001–2004

Rhee et al., 2010 [71] Precipitation condition index
(PCI) TRMM United States 2000–2009

Zhang and Jia, 2013 [48] Soil moisture condition index
(SMCI)

AMSR-E Soil
moisture China 2003–2010

Anderson et al., 2016 [72] Evaporative stress index (ESI)
MODIS LAI;
MODIS LST;

MERRA; TRMM
Brazil 2003–2013

Zhang et al., 2017a [73] Process-based accumulated
drought index (PADI)

GPCC
precipitation;
GLDAS SM;

AVHRR NDVI;

China 2000–2011

Jiao et al., 2019 [74] Geographically independent
integrated drought index (GIIDI)

MODISL ST;
AMSR-E; TRMM;

SM;
China 2002–2011

Le Page and Zribi, 2019 [36]
Temperature anomaly index (TAI)
Vegetation anomaly index (VAI)
Moisture anomaly index (MAI)

MODIS LST;
MODIS NDVI;
ASCAT SWI

Northwest
Africa 2007–2017

Hu et al., 2020 [75] temperature rise index (TRI) (MTSAT-2) Australia 2010–2014

2. Materials and Methods

2.1. Study Area

Morocco is located at the southern edge of the mid-latitude storm track with a semiarid climate [76]
(Figure 1). The climate is influenced by the Atlantic Ocean, the Mediterranean Sea and the Sahara Desert,
together with the very steep orography in the Atlas region [77]. Most of the precipitation falls during
winter and spring, which is from the beginning of November until the end of April [13]. Winter cereals
occupy more than 55% of the country’s agricultural areas; common and durum wheat account for
approximately 75% of these cereals (MAPMDREF, 2019). This wheat is cultivated both in rainfed and
irrigated fields, depending on access to water supply and climate conditions. Wheat production is
mainly rainfed and represents more than 80% of total cereal production [78]. Cereals can be sown as
early as November 1st if significant rainfall occurs, while a persistent drought at this time can delay
seeding until 15 January. Late seeding is often associated with production loss through a decrease in
wheat crop areas. Indeed, many farmers are accustomed to waiting for regular rainfall events to seed
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at the beginning of the season. Harvests occur in June–July of the following calendar year, starting in
the south and steadily progressing towards the north and mountainous areas.

Figure 1. Maps of the 15 most productive provinces considered in the study in terms of cereal yields
and results of the four classifications (see text). The agricultural areas identified as rainfed cereal
are shaded.

2.2. Data

The dataset is composed of the remote sensing drought index and the output of an LDAS
described below and of the cereal yield statistics on the agricultural provincial scale. In addition,
cumulative rainfall amounts and the SPEI, which is considered to be a reference for drought monitoring
in several studies [79–82], were extracted from ERA5 reanalysis surface variables.
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2.2.1. ERA5 Data and the SPEI

Data used for computing SPEI and rainfall amounts were downloaded from the ERA5 database,
which is the fifth generation of European reanalyses produced by the ECMWF and a key element
of the EU-funded Copernicus Climate Change Service (C3S) (https://www.ecmwf.int/en/forecasts/d
atasets/reanalysis-datasets/era5). Important changes in ERA5 relative to the ERA-interim’s former
ECMWF atmospheric reanalysis include (i) a higher spatial and temporal resolution, as well as (ii) a
more recent version of the ECMWF Earth system model physics and data assimilation system [83].
In this study, the SPEI was computed using the SPEI R package version 1.7 [84], and reference
evapotranspiration (ET0) was computed using the FAO Penman-Monteith (FAO-PM) equation [85].
However, there is some debate over the use of ET0 or actual evapotranspiration (ETa) in calculating the
SPEI. Begueria et al. (2014) showed the advantages of using ET0 instead of ETa for calculating the
SPEI: inclusion of ET0 in the SPEI formulation is valid for both humid and arid climates, producing
reliable estimations of drought severity [79]. In addition, the SPEI was computed on several time scales
(SPEI 1, 3, 6, and 12 months) to consider the effect of an accumulating precipitation deficit and high
evapotranspiration, which are critical parameters for crop growth.

In addition, Figure 2 shows the cumulative rainfall during the crop season (from November
to May) derived from ERA5 data. The monthly mean temperature is displayed in Figure A1 in
Appendix A. There are high spatial variations in rainfall and temperature, as noticed in previous
studies [24]. Higher amounts of rainfall are observed in the northern part of the country: the cumulative
rainfall reached more than 900 mm in the Taounat province. In contrast, the center of the country
is characterized by low rainfall: Kelaa des Sraghna province exhibited approximately 340 mm less
rainfall than Taounat (approximately 63%). Concerning temperature, areas located at high elevation
(high Atlas, middle Atlas and Rif Mountains) are characterized by low temperatures compared with
the other regions. In February, the mean air temperature in Khenifra and Haouz is approximately 6 ◦C,
while it reached 15 ◦C in the Safi province, which is located along the Atlantic Ocean.

Figure 2. Average rainfall derived from ERA5 (2000–2017) accumulated during the cereal crop season
(from November to May).

https://www.ecmwf.int/en/forecasts/datasets/reanalysis-datasets/era5
https://www.ecmwf.int/en/forecasts/datasets/reanalysis-datasets/era5
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2.2.2. Yield Data

The main types of cropped cereals in Morocco are bread wheat, barley and durum wheat. Rainfed
wheat yield data were acquired from the Economic Services of the Ministry of Agriculture. The dataset
contains the crop production and harvested areas for 14 crop seasons between 2000 and 2017 on the
administrative province scale (2001–2002, 2004–2005 and 2005–2006 were not available). These data are
compiled from subprovince sample surveys and released in official documents as provincial averages.
The annual values of rainfed cereal yields in tons per hectare (t.ha−1) were calculated as the ratio
between crop production (tons) and harvested area (hectares) for each province. In this study, focus is
placed on the main cereal crop regions in Morocco. For this objective, the 15 most productive provinces
(more than 90% of national production) were selected for analysis. Table 2 provides the average cropped
areas, ratio between cropped area and total province area in percentage, average total production and
average yields during the study period, coefficient of variation (standard deviation divided by the
average, in percentage), cumulative total rainfall, and average air temperature during the crop season.
Cereal yields are low compared with potential yields in all provinces, which can reach 7.5 to 8.0 t.ha−1

in rainfed areas when adequate technologies and practices are used [86,87]. This low yield is attributed
to water stress, heat stress and poor soil, as well as to traditional agricultural practices that may lead to
inappropriate crop rotation, insufficient nitrogen and fertilization and late sowing [88,89].

To enable interpretation of the results, groups of provinces with similar cereal yield interannual
variability are identified through a classification using the kmeans based on the correlative distance

(dc =
√

1−r
2 with r being the Pearson correlation coefficient between two time series [90]). dc was

preferred to classic Euclidian or Manhattan distances, as time series with similar interannual patterns
are sought.

The classification results are mapped in Figure 1. Time series corresponding to the standardized
anomalies of yields for each group of provinces are presented in Figure 3. Four groups of provinces
are isolated:

- The first group named “Zone 1” covers the southern province of the study area: Settat, El Jadida,
Safi, Kelaa des Sraghnas, Haouz and Beni Mellal provinces. Because of the strong north-south
rainfall gradient in Morocco, the group 1 area is characterized by low rainfall and high temperature
and is consequently considered to be a less productive area. Please note that the Safi province
receives a large amount of rainfall (355 mm from November to May on average over the study
period using the ERA5 dataset) as it is located along the Atlantic Ocean. However, yields are low,
which may be due to poor soils. In addition, a large rainfed area in the Beni Mellal province is
located in the foothills of the Atlas Mountains, which has colder conditions than in the plains;
yields are also quite low (1.5 t/ha on average over 2000–2017).

- The second group named “Zone 2” covers the Ben Slimane, Khenifra, El Hajeb, Khemisset and
Meknes provinces. They are located in the center of the study region with relatively high rainfall
conditions (approximately 600 mm on average during the crop season), showing higher yields
than those for group 1, with an average yield of approximately 1.9 t/ha.

- The third group named “Zone 3” covers the provinces of Taza, Taounat, and Fes. Zone 3 is located
north of Morocco, and it is characterized by higher rainfall compared with the other groups
(approximately 680 mm). The average yield in this zone is approximately 1.5 t/ha.

- The last group named “Zone 4” includes only the province of Kenitra. This province is located
in the northeastern part of the country. Zone 4 is dominated by irrigated areas where cereals
represent more than 60% of crops, including the Gharb plain. Although rainfed yields are only
considered in this study, it is likely that any rainfed fields neighboring irrigated areas benefit
from the supplementary water supply. The combined high rainfall amount and high coastal air
moisture may justify the high yield observed in this province compared with the other zones.
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Table 2. Cereal yields and production statistics, average rainfall and air temperature for each province. Colors correspond to the four groups of agricultural provinces
(see text).

Province
Cropped Areas Ratio of

Cropped Area
Total

Production Yield Variation
Coefficient

Cumulative
Rainfall Temperature

(1000 ha) (%) (1000 t) (t/ha) (SD/mean %) (mm) (◦C)

Zone 1

Settat (ST) 414.8 43% 540.8 1.3 64.9% 420.3 15.1
El Jadida (JD) 330.4 47% 613.9 1.9 39.4% 419.5 15.6

Beni Mellal (BM) 173.7 26% 252.4 1.5 57.8% 555.1 11.8
Kelaa Sraghna (KS) 260.0 37% 272.3 1.0 59.9% 340 15.9

Safi (SF) 125.7 13% 90 0.7 72.1% 355.2 15.2
Haouz (HZ) 90.3 15% 78.2 0.9 65.9% 381.1 9.9

Total 1394.9 30% 1847.6 1.2 60.0% 411.9 13.9

Zone 2

Ben Slimane (BS) 83.1 34% 156.4 1.9 50.8% 518 14.7
Khemisset (KM) 328.3 40% 490.2 1.5 50.2% 589.9 13.7

Meknes (MK) 80.8 45% 181 2.2 48.9% 671.7 14.6
El Hajeb (HJ) 70.4 28% 148.5 2.1 31.9% 688.7 12.2

Khenifra (KN) 184.0 16% 338.7 1.8 40.9% 525.6 9.7
Total 746.6 33% 1314.8 1.9 44.5% 598.78 12.98

Zone 3

Fes (FS) 91.8 45% 156.7 1.7 51.7% 667.1 14.8
Taounat (TN) 140.6 27% 209 1.5 42.1% 900.9 13.7

Taza (TZ) 231.8 18% 296.4 1.3 39.6% 471.9 12.4
Total 464.1 30% 662.1 1.5 44.5% 680.0 13.6

Zone 4 Kenitra (KT) 105.0 22% 204 2.1 31.7% 748.6 15.4
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2.2.3. Remote Sensing-Based Drought Indices

In this study, five satellite-based drought indices were selected, and their potentials to detect
agricultural drought were assessed. These indices are based on the normalized anomalies of NDVI,
LST and SM. The dataset characteristics are summarized in Table 3.

The Vegetation Condition Index (VCI)

Changes in the NDVI index related to weather conditions (precipitation, temperature and wind)
are lower than those related to the ecosystem (climate, soil, topography and vegetation type) for
agricultural regions. Thus, drought impacts on crops are difficult to detect directly from NDVI
data [39,64,91]. Therefore, Kogan (1995) developed the VCI to control local differences in ecosystem
productivity [92]:

VCIt =
NDVIt −NDVImin

NDVImax −NDVImin
∗ 100 (1)

NDVImin and NDVImax are the maximum and minimum values, respectively, at each desired time
step over the study period, and NDVIt represents the NDVI value in month “t”. Thus, the VCI is a
pixel-based normalization of the NDVI in which the short-term climate signal of the NDVI was filtered
by separating it from the long-term ecological signal. In this study, the temporal composite series of
MODIS NDVI (MOD13A2 collection 6; available at (https://lpdaac.usgs.gov/) from 2000 to 2017 with
a spatial resolution of 1 km are used. The NDVI value is based on the maximum value composite
method (MVC) [93] using a sliding 16-day period.

The Temperature Condition Index (TCI)

The TCI is based on LST. For the region where incoming radiation is not limiting vegetation
growth, LST is related to the plant water stress when water is limited, as a higher LST should be
related to a lack of available water for evaporation and transpiration and to more energy being used
for sensible heat flux. Thus, the index is related to changes in vegetation health due to thermal effects.
The TCI is computed as follows (Kogan, 1995):

TCIt =
LSTmax − LSTt

LSTmax − LSTmin
∗ 100 (2)

LSTmax and LSTminare the maximum and minimum values, respectively, at each desired time step
over the study period, and LSTt represents the LST in month “t”. In contrast with NDVI, high LST
during the growing season indicates unfavorable or drought conditions, while low LST indicates
generally favorable conditions [39]. Therefore, the low TCI value indicates an unfavorable climatic
condition (high temperature), while higher values mainly reflect favorable conditions (low temperature).
The daily 1 km resolution LST (version 6) MOD11A1 product available through the U.S. Land Processes
Distributed Active Archive Center (LP DAAC, https://lpdaac.usgs.gov/) from 2000 to 2017 is used in
this study. The LST is derived from the generalized split-window algorithm [94].

The Vegetation Health Index (VHI)

To combine the weather and thermal condition impacts on vegetation response, several authors
proposed the VHI as a combination of VCI and TCI:

VHIt = α VCIt + (1−α) TCIt (3)

Parameter α describes the weights of VCI and TCI in VHI, and the α value ranges between 0 and 1.
A value of α = 0.5 is considered in this study following Kogan (1997), and part of the discussion is
dedicated to the assessment of optimal α values.

https://lpdaac.usgs.gov/
https://lpdaac.usgs.gov/
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The Soil Water Index (SWI)

The SWI is related to the SM content. It is not considered to be a drought index; however,
when integrated over time, the SWI is useful for monitoring the variation in the SM in rainfed
agricultural areas. In particular, [95] highlighted the importance of SM for drought monitoring.
However, SWI from the surface layer that can be inferred from microwave active (radar) and passive
sensors has been shown to be well correlated with vertically integrated SM estimates derived from
both in situ observations and water balance modeling [96–98]. Lagged correlations have also been
highlighted with vegetation growth conditions on a monthly time scale [99].

The SWI algorithm is based on a two-layer infiltration model describing the relationship between
the surface SM and vertical SM profile as a function of time [100]. The SWI is formulated as follows:

SWI(tn) =

∑n
i=1 SSM(ti)e

tn−ti
T∑n

i=1 e−
tn−ti

T

(4)

where for ti ≤ tn, tn is the observation time of the current measurement and ti represents the observation
times of the previous measurements (both given in Julian days). This model assumes that the water
content of the deeper layer is controlled by the past moisture conditions in the surface layer and thus
the precipitation history [96]. The parameter T, called the characteristic time length, represents the
time scale of SM variations in units of time T = L/C, where L is the depth of the reservoir layer and C
is an area-representative pseudodiffusivity constant [101]. An increased T value is either due to an
increase in reservoir depth or a decreased pseudodiffusivity coefficient, which means that, for a fixed
pseudodiffusivity constant, an increased T value represents a deeper soil layer [102], meaning that a
high (low) T describes a deeper (shallower) soil layer [97]. Giving a general rule on how to translate a
given T value to a certain soil depth is currently not possible since it strongly depends on the application
and soil composition of the area of interest [101]. Ceballos et al. (2005) found that, for their study
region in Spain, the best T-values were 40, 50 and 60 for layer depths of 0–25, 0–100 and 50–100 cm,
respectively [96].

The surface SM product is retrieved from the C-band ASCAT radar onboard the METOP
satellites [103]. The product is distributed by the Copernicus Global Land Service (http://land.coperni
cus.eu/global/products/swi) with a daily time step and a 12.5 km resolution.

The Soil Moisture Condition Index (SMCI)

Agricultural drought is characterized by low SM levels that negatively affect agricultural
production [104]. The SMCI [48] is a normalization of soil moisture values relative to the absolute
maximum (SMmax) and the absolute minimum (SMmin) of the time series to obtain normalized SM
ranging from 0 (very dry, unfavorable conditions) to 100 (very wet, favorable conditions). SMCI can
describe drought conditions from a soil moisture perspective without considering meteorological
factors, such as precipitation.

SMCIt =
SMt − SMmin

SMmax − SMmin
∗ 100 (5)

where SMmin and SMmax are the historical minimum and maximum values, respectively, at each
desired time step over the study period, and SMt is the SM in month t.

The data used for computing SMCI are derived from the European Space Agency Climate Change
Initiative (European Space Agency (ESA) CCI) SM COMBINED version 04.2 (https://www.esa-soilmois
ture-cci.org/), which merges SM observations from seven microwave radiometers (SMMR, SSM/I, TMI,
ASMR-E, WindSat, AMSR2, SMOS) and four scatterometers (ERS-1 and 2 AMI and MetOp-A and B
ASCAT) into a harmonious dataset [105]. This product had a daily temporal resolution and a 25 km
spatial resolution.

http://land.copernicus.eu/global/products/swi
http://land.copernicus.eu/global/products/swi
https://www.esa-soilmoisture-cci.org/
https://www.esa-soilmoisture-cci.org/
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2.2.4. Land Data Assimilation System (LDAS) Outputs

Within the SURFEX modeling platform of Météo-France [106], the LDAS [63,107,108] developed in
the research department of Météo-France, the CNRM (Centre National de Recherches Météorologiques)
permits integration of satellite products (leaf area index (LAI) and soil moisture (SM)) into the ISBA
(Interaction between Soil Biosphere and Atmosphere) LSM [109,110] using a data assimilation scheme.
The satellite product used in LDAS is the GEOV1 LAI, which is produced by the European Copernicus
Global Land Service project (http://land.copernicus.eu/ global/). The LAI observations are retrieved
from the SPOTVGT and PROBA-V (from 1999 to present) with a 1 km resolution and a temporal
frequency of 10 days. Surface soil moisture was obtained from ESA CCI SM COMBINED (v4.7) as
described above.

The algorithm of this data assimilation system permits the trajectory of the ISBA model to be
optimally corrected each time an observation is available. Indeed, unlike the approaches conventionally
used in crop models or carbon flux models, phenology in the CO2-responsive version of ISBA,
ISBA-A-gs [110,111] is not constrained by degree-day submodels. The dynamic evolution of the
vegetation biomass and LAI variables are entirely controlled by photosynthesis in response to
atmospheric and climate conditions. Photosynthesis enables vegetation growth resulting from
CO2 uptake and responds directly or indirectly to all atmospheric variables, as well as SM and
canopy density.

The outputs of LDAS used in this study are the LAI, plant transpiration (Tr), soil evaporation (E),
evapotranspiration (ETR) and SM at different depths: WG2 (0 to 4 cm), WG4 (10 to 20 cm), WG6 (40 to
60 cm) and WG8 (80 to 100 cm). In addition, the same variables derived from the open-loop run of
the ISBA-A-gs model (without data assimilation) are considered to analyze the added value of data
assimilation with regard to the model predictions alone. For all variables, a standardized time series
anomaly was computed based on Equation (6).

Yt =
Xt −X
σ

(6)

where Yt is the standardized anomaly, Xt is the actual value of the variable (LAI, Tr...) for month t,
and X and σ are the mean and standard deviation of the time series.

Table 3. Summary of the dataset used in this study.

Product Temporal
Resolution

Spatial
Resolution Variable Source

MODIS
(MOD13A2) 16-Day 1 km NDVI https://lpdaac.usgs.gov/

MODIS
(MOD11A1) Daily 1 km LST https://lpdaac.usgs.gov/

ASCAT SWI Daily 12.5 km SWI10, SWI40 SWI60 http://land.copernicus.eu/g
lobal/products/swi

ESA CCI SM
COMBINED Daily SSM SSM https://www.esa-soilmoistu

re-cci.org/

ERA5 Daily 30 km
Rainfall, Air temperature,
Relative humidity, Wind

speed, Solar radiation

https://www.ecmwf.int/en/f
orecasts/datasets/reanalysis

-datasets/era5

LDAS Daily 25 km Leaf area index, Evaporation,
Transpiration, Soil moister

http://land.copernicus.eu/
https://lpdaac.usgs.gov/
https://lpdaac.usgs.gov/
http://land.copernicus.eu/global/products/swi
http://land.copernicus.eu/global/products/swi
https://www.esa-soilmoisture-cci.org/
https://www.esa-soilmoisture-cci.org/
https://www.ecmwf.int/en/forecasts/datasets/reanalysis-datasets/era5
https://www.ecmwf.int/en/forecasts/datasets/reanalysis-datasets/era5
https://www.ecmwf.int/en/forecasts/datasets/reanalysis-datasets/era5
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2.3. Methods

2.3.1. Identification of Rainfed Cereal Areas

The identification of areas where rainfed cereal fields are cropped is important to assess the
linkage between remote sensing indices and cereal production because rainfed crops are more sensitive
to drought [2,3]. Genovese et al. (2001) found that the application of a cropland mask to select the
NDVI value corresponding to wheat in a crop yield model significantly improved the accuracy of crop
yield forecasts [112]. For this reason, the identification of rainfed cereal areas is carried out using a
two-step approach:

(a) ECOCLIMAP-II land cover [113,114] developed by CNRM at a 1 km resolution (https://opensour
ce.umr-cnrm.fr/projects/ecoclimap/wiki) was used to select the pixels corresponding to C3 crops,
including both irrigated and rainfed fields.

(b) The land cover map at a 300 m resolution provided by the Climate Change Initiative land cover
project of the ESA (https://www.esa-landcover-cci.org/) was used to distinguish between irrigated
and rainfed crops.

The rainfed cereal areas were identified through the combination of ESA land cover and
ECOCLIMAP-II.

2.3.2. Identification of Major Phenological Stage

The linkages between drought variables, including remote sensing indices and LDAS outputs,
are first evaluated at the seasonal and monthly time scales, but the use of a time period that is in
close agreement with crop functioning is discussed. For this objective, detection of the phenological
scale is described in this section. Indeed, phenology detection is of prime importance for crop growth
and yield [115]. A dynamic threshold method was used to detect phenology in this study following
Bradley et al. (2007), Li et al. (2014) and Viña et al. (2004) [116–118]. As a preliminary step, the NDVI
data were smoothed using the Savitzky–Golay filter to reduce noise. Then, the three main phenological
stages [115] that can be easily determined from NDVI time series were detected from the smoothed
NDVI curves as follows (see Figure A2 for an example of the smoothed NDVI profile, Settat province,
season 2016/2017):

• Emergence stage: The emergence stage starts when the NDVI reaches 30% of the difference
between NDVI max and NDVI min.

• Development stage: A drastic increase in the NDVI is observed at the start of the season.
The development stage was defined as starting when the NDVI value reached 30% of the
difference between the maximum and minimum of the NDVI values. The stage ends at the
heading stage (see below).

• Heading stage: The heading stage starts when the NDVI reaches its maximum value and ends at
the harvesting stage.

2.3.3. Correlation Analysis between Drought Indices and Rainfed Cereal Yield

As reported by previous studies [2,72,73,119–121], a correlation analysis between the indices
and cereal yield was performed to investigate the link between drought indices and crop production.
Pearson’s correlation coefficient (R) between all indices and rainfed cereal yields was calculated on a
monthly scale during the growing season, from November to May for the most productive province in
Morocco for 2000–2017 using the following equation (Equation (7)). Pearson’s correlation coefficient

https://opensource.umr-cnrm.fr/projects/ecoclimap/wiki
https://opensource.umr-cnrm.fr/projects/ecoclimap/wiki
https://www.esa-landcover-cci.org/
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(R) represents the degree and direction of the linear regression between two continuous variables that
are measured at the equal interval.

R =

∑n
i=1(xi − x)

(
yi − y

)
√∑n

i=1(xi − x)2 ∑n
i=1

(
yi − y

)2
(7)

where xi and yi represent drought indices and the value of rainfed cereal yields, respectively, n is the
number of samples, and x and y are the average values of xi and yi, respectively.

3. Results

3.1. Satellite Drought Indices and Yield Time Series

3.1.1. Seasonal Scale

The time series of remote sensing drought indices (VCI, TCI, VHI, and SMCI) averaged during
the cereal growing season from November to May are superimposed with the yield anomalies and
the standardized anomalies of the cumulative rainfall amount for each agricultural zone in Figure 3.
Correlations between rainfall, drought indices and yields are reported in Table 4.

Figure 3. Temporal variations in the drought index and standardized yield and the rainfall anomalies
for zone 1 (a), zone 2 (b), zone 3 (c) and zone 4 (d) during the study period from 2000 to 2017.

The seasonal averages of drought indices and standardized anomalies of rainfall capture the
interannual variability in yields well, particularly for zones 1 to 3, as most of the correlation coefficients
are significant at the 99% level. The major crop failures of the 2006–2007 and 2015–2016 seasons
are prominent in the first three zones. Likewise, the exceptional cereal season of 2014–2015 is well
reflected by both the yield and drought index time series. Indeed, 2014–2015 was characterized by
above-normal rainfall of approximately 18%, which was accompanied by a steady distribution of
events throughout the season (MAPMDREF, 2015). The specific behavior of zone 4 is probably related
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to the presence of the largest irrigated area of Morocco (the Gharb region is more than 105,000 hectares)
and/or high coastal air moisture. Indeed, the crop mask used to identify rainfed cereal suffers from
uncertainties, and irrigated cereal may also be considered in the analysis. This finding may explain the
significantly lower correlation coefficient with yields than those for the first 3 zones, as reported in
Table 4. In addition to the low spatial resolution of some products, the correlation of yields and SMCI is
particularly low (R = 0.14), as the ASCAT data used to compute SMCI have a 25 km resolution that may
favor observations of mixed pixels containing both rainfed and irrigated fields. The 2007–2008 crop
season for the latter zone exhibits a production deficit, while an average to above-normal production is
recorded for the other zones. This result is because the Kenitra region faced severe flooding in autumn
2008 that hampered the crops in the region. The above-normal rainfall that watered the country
at this time favored cereal production in regions that did not experience any flooding, such as the
agricultural provinces located in zone 1 in the center of the country. Winter 2009/2010 is well known for
an exceptional and persistent negative phase of the North Atlantic Oscillation [122], but unfortunately,
it did not trigger above-normal rainfall in North Africa, as could be expected [77], leading to average
production for the four zones. Finally, another striking feature is that all drought indices match well
with each other while they depict very different crop characteristics, such as surface temperature (TCI),
surface soil moisture (SMCI) or vegetation vigor (VCI). It is probable that the integration over the
crop season and on the scale of the agricultural zone masks some specific seasonal and geographical
features, which will be analyzed in the next section.

Table 4. Correlation between remote sensing drought indices (VCI, TCI, SMCI and VHI), rainfall
amounts during the crop season and crop yield anomalies for the four zones (*, **, *** = significant at
5/1/0.1% probability levels).

VCI TCI SMCI VHI Rainfall

Zone 1 0.79 *** 0.86 *** 0.80 *** 0.85 *** 0.88 ***

Zone 2 0.77 *** 0.75 *** 0.59 ** 0.78 *** 0.70 ***

Zone 3 0.67 *** 0.66 *** 0.49 * 0.69 *** 0.58 **

Zone 4 0.59 ** 0.36 0.14 0.51 * 0.48 *

3.1.2. Monthly Scale

To further understand the linkage between drought and cereal crop yield, lagged correlations
between drought indices and yields are carried out separately on the monthly time scale and for
each agricultural province. Figure 3 displays the lagged correlation results from November to May.
Only correlation coefficients significant at the 99% level are displayed. In addition, Figure A3 displays
the lagged correlation between yields and cumulative rainfall and average temperature (both average
since the beginning of the season in November and monthly values are considered) for comparison
purposes, as those variables that are measured by meteorological stations in the synoptic network have
been used for a long time for drought assessments.

The correlation between yields and rainfall and temperature (Figure A3) corresponds to
well-known patterns [9,24]: (1) a significant positive correlation with monthly rainfall early in
the crop season in November or December. It is obvious that seeding in a well-watered soil will speed
up plant emergence. In addition, the farmers practice opportunistic agriculture by seeding when the
soil has been well watered thanks to well-distributed rainfall events at the beginning of the season;
(2) a significant positive correlation with cumulative rainfall during the entire season with a maximum
correlation occurring in February or in March around the vegetation peak; (3) for temperature,
the correlation is much more scattered, but the monthly temperature appears to be significantly
negatively correlated with yields in January during the tillering phase for most of the provinces,
meaning that mild temperatures during this time are favorable for crop production due to the prevention
of heat stress. Wheat is well known to be highly sensitive to air temperature during the developmental
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stages [123] when the crop is photosynthetically active and when high biomass accumulation occurs.
Mild temperatures at this time favor long culms, large flag leaves and more potentially fertile florets in
each spikelet [124].

For the VCI (Figure 4a), the correlation with cereal yield is high during the end of winter and in
early spring (from February to April), which corresponds to development stages from late tillering
to grain filling. The higher correlation for each province ranges between 0.61 and 0.94 (significant at
the 99% level). Higher correlation coefficient values are observed for the provinces of Ben Slimane,
Khenifra, Haouz, Settat, Khemisset and Taounat (0.89, 0.90, 0.92, 0.94, 0.93 and 0.85, respectively).
These provinces are distributed within the first three zones, meaning that a differentiated analysis
by zone is not relevant for the linkages between the VCI and grain yields. This finding could be
attributed to the mechanisms explaining the linkages between the VCI and yields that are not related
to climate or soil types. Indeed, the LAI is highly linked to the NDVI, and, thus, the LAI is also linked
to the VCI. The LAI for cereals is a proxy for biomass accumulation; high aboveground biomass is
also often related to high grain yield apart from late water or heat stresses that could prevent good
grain filling, particularly during the pollination stage [125]. A high LAI also reduces soil evaporation
through shielding and may improve the water use efficiency of the field. The lowest correlations
are observed for Beni Mellal, Safi and Taza. The Safi province is known to have poor soil, which
explains this area having the lowest yield of the 15 provinces (Table 2) with regard to cumulative
rainfall amount. The only difference observed apart from the strength of the correlations is related to
the timing at which the correlation is at the maximum, which slightly differs among provinces. Eighty
percent of the 15 provinces exhibit a maximum correlation in March, which is the typical timing of the
maximum green LAI for wheat in Morocco, while, for the Khenifra and Haouz provinces, the highest
correlation was found in April. This finding may be attributed to slightly lower temperatures during
the growing season, meaning low cumulative growing degree days and longer crop seasons. Indeed,
these two provinces present the two lowest average temperatures during the crop season (see Table 2).
Our results are in line with the work of Salazar et al. (2007) that was carried out on wheat cropped in
Kansas, and these researchers highlighted a maximum correlation between wheat yield and the VCI
during the maximum development of wheat [42]. Likewise, Unganai and Kogan (1998) in south Africa
also found a similar timing of maximum correlation but for corn yield [41]. In addition, Zhang et al.
(2017b) found a high correlation between VCI and wheat yield during the anthesis stage (February and
March) in the Indo-Gangetic Plain (IGP) region of India [119].

Concerning TCI, as presented in Figure 4b, high correlation coefficients significant at the 99% level
are also observed, ranging from 0.61 to 0.82. The positive correlation values found with the yields
means that lower than normal LSTs are favorable for grain yield production during the development
stages, including tillering and stem extension. In contrast with the VCI, the higher correlation values
are found earlier in the season by an average of approximately 1 month, around January or February
for 14 out of the 15 provinces. The main rationale of the TCI is that when water is a limiting factor,
transpiration decreases drastically or even stops in the more extreme cases, and vegetation temperature,
which may represent the LST when the canopy is adequately developed to shield the soil, increases.
Stated differently, water stress should be avoided during wheat growth. In line with our results,
several authors have already highlighted a positive correlation between cereal yields and the TCI
during the growth stages of wheat in the United States [42], Mongolia [126] and Austral [75], and,
as well as in Unganai and Kogan (1998) in South Africa for corn and others. The lowest correlation
is found for the Kenitra province. For this province, irrigated cereal extending over more than 60%
of the agricultural areas can be considered in the analysis because of the land use map uncertainty,
as already highlighted. Irrigated cereals are well known to be less sensitive to air temperature than
rainfed fields [127] because irrigation water inputs limit the water stress period and introduce thermal
inertia to the soil. This finding could explain the lower correlation found for the Kenitra province.

The correlation between yield and VHI (Figure 4c) is significantly positive during all stages
of development (tillering and stem extension) until anthesis, apart from the Kenitra province.
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The correlation values with the VHI are generally stronger than those with the VCI and TCI taken
separately. The most striking feature is that the spatiotemporal patterns are very similar to the
correlation obtained with the VCI (Figure 4a), as already expressed by Bachmair et al. (2018) [128].
Likewise, the correlations exhibit a peak during late spring, which is in line with the results obtained
with the VCI. This result means that the contribution of the VCI to the VHI dominates over the effect of
the thermal conditions seen with the TCI. Several authors already underlined high positive correlation
values with yields during the development stages of cereals, such as Ribeiro et al. (2019) on the Iberian
Peninsula (IP), who found that the correlation between the cereal yield and VHI was the strongest
during the heading stage of cereal [3].

The correlations between the SMCI and rainfed cereal yield are displayed in Figure 4d, and the
correlations between the SWIs at different depths and yields are displayed in Figure 5. Please note
that the SMCI is highly linked to the SWI that is representative of the upper soil layer (approximately
5 cm). In contrast with the other indices, the highest correlation values are between the SMCI and the
SWI10 on the one hand, and on the other hand, yields are observed at the beginning of the growing
season around seeding and/or the emergence stage, occurring as early as November for three of the
provinces. Positive correlations that are significant at 99% are obtained with a maximum either in
December (11 provinces for the SMCI) or January (three provinces for the SMCI); the only exception is
Kenitra, which has already been shown to behave differently than the other provinces. The highest
correlations of R = 0.88 for the SMCI and R = 0.95 for the SWI10 were observed for the Settat province.
This positive correlation means that above-normal moisture conditions are favorable for high yields at
this time. This finding is consistent with that of Modanesi et al. (2020), who found a high correlation
between the standardized SM index (SSI) derived from the satellite SM observations of the ESA Climate
Change Initiative (CCI) and the Modern-Era Retrospective Analysis for Research and Applications,
version 2 (MERRA-2) SM dataset and wheat production in November and December in India [120].
Additionally, Zhang et al. (2017b) found a significant correlation between the SSI and wheat during
the emergence stage (October and November) in the IGP, which is the northern region that separates
the Peninsula from the Himalayan chain [119]. SM is another indicator that is highly suitable for
assessing agricultural drought, as plants start to wilt when sufficient soil water is not available to
meet the evapotranspiration demand. A deficit of SM during the development stages will affect crop
growth, and finally, a decrease in final crop yield will be expected. This finding is well reflected by the
correlation obtained with the SWI, which represents the deeper layers (SWI40 and SWI60). Indeed,
as the roots develop during the crop season, deeper layers of soil undergo water extraction by the plant.
The observed differences among provinces in terms of correlation could be attributed to differences
in rainfall distribution or/and soil type, as computation of the SWI of the deeper layers was carried
out using the time constant T for a specific type of soil. In line with our study, Modanesi et al. (2020)
already showed that SM is a suitable indicator for representing agricultural drought, as SM correlates
more closely with reduced crop yield than precipitation [120]. Zribi et al. (2010) illustrated a tight link
between rainfall and the SWI in a semiarid area of Tunisia [99]. In addition, the researchers found that
the SWI is strongly related to the NDVI during the early season (R = 0.81 in December). Likewise,
a high correlation is also observed between the NDVI and the SWI in the more productive region of
Northwest Africa [36]. Additionally, the SWI anomaly showed a strong correlation with the SPI index
over the central region of Tunisia [129].
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Figure 4. Correlations between the VCI (a), TCI (b), VHI (c), SMCI (d) and cereal yields on the
province scale. ST: Settat, JD: El Jadida, BM: Beni Mellal, SF: Safi, KS: Kelaa des Sraghna, HZ: Haouz,
BS: Ben Slimane, KM: Khemisset, MK: Meknes, HB: El Hajeb, KN: Khenifra, FS: Fes, TN: Taounat,
TZ: Taza, KT: Kenitra. All the correlations are significant at the 99% level.

Figure 5. Correlation between the SWI 10 (a), SWI 40 (b), SWI 60 (c) and cereal yield at the province
scale: Settat, JD: El Jadida, BM: Beni Mellal, SF: Safi, KS: Kelaa des Sraghna, HZ: Haouz, BS: Ben Slimane,
KM: Khemisset, MK: Meknes, HB: El Hajeb, KN: Khenifra, FS: Fes, TN: Taounat, TZ: Taza, KT: Kenitra.
All the correlations are significant at the 99% level.
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3.2. LDAS Outputs and Yields Time Series

In this section, the results of the relationships between anomalies of the LDAS outputs and the
cereal yields are investigated (Figure 6). In contrast with the remote sensing drought indices, the results
are summarized by group instead of considering each province separately because correlation patterns
similar to those of the remote sensing drought indices are observed. Indeed, the LAI provides
information close to that of the VCI; SM in the root zone is related to the SWI of the deeper layer,
while upper profile SM mainly governs soil evaporation; the TCI is closely related to the transpiration
and evapotranspiration processes.

Figure 6. Lagged correlation between the LDAS output anomalies of the LAI (a), transpiration (b),
soil evaporation (c), evapotranspiration (d), SM at (0 to 4 cm) (e), SM at (10 to 20 cm) (f), SM at (40 to
60 cm) (g), SM at (80 to 100 cm) (h) and the cereal yield for all zones.

For the LAI, the correlation reaches its maximum around the heading stage, as is the case for
the VCI, which is in March for groups 1, 3 and 4 and in February for group 2. The strength of the
correlation reached approximately 0.91, 0.89 and 0.90 for groups 1, 2 and 3, respectively. This result is in
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line with that of Sawada et al. (2019), who highlighted a similar correlation between the LAI analyzed
within an LDAS system and wheat production at the national level in Morocco [130]. Transpiration
(Tr) and cereal yield are significantly correlated from at approximately the maximum development
stage and the heading stage. Higher transpiration is expected when the root zone is well watered and
when the leaf area index is high, explaining the same timing (March) of the high correlation that was
already observed with the VCI. The correlation also reaches higher values than the correlations with
the VCI and the TCI, at least for zones 1, 2 and 3 (0.87, 0.78, and 0.88, during March, respectively).
In contrast, monthly soil evaporation is significantly correlated at the start of the season, from sowing
to emergence (November-December) for zones 1, 2 and 3. Again, zone 4 is different from the others,
with a correlation peak occurring in February. Higher evaporation means higher soil water content,
and this result is in line with the correlation pattern found with the soil moisture indices for the upper
soil layers (SMCI and SWI10).

For the deeper layers (40 to 60 and 80 to 100 cm), the correlation is significantly positive later
in the season, during the development stage of cereal, because of the progressive root development,
as already highlighted for the SWI.

3.3. Case Study: 2015/2016

The 2015/2016 season is characterized by a high negative production anomaly that strongly
affected the country’s economy. In particular, more than 90% of the national territory of Morocco
experienced droughts during December 2015 and January 2016 [34]. The cereal yield decrease reached
55%, 58%, 67%, and 13% of the long-term mean for zone 1, zone 2, zone 3 and zone 4, respectively.
Figure 7 shows the 2015/2016 time series of drought indices and anomalies of LDAS outputs for all
zones from September 2015 to July 2016. Figure A4 in Appendix A is the same for 2011–2012, which is
also characterized by below normal yields. The first striking feature is a close correspondence between
the drought indices and LDAS outputs, although a contrasted behavior can be highlighted between the
first three zones and zone 4, as already discussed, particularly for the VCI and the LAI, as well as for
the superficial soil moisture-related variables (SMCI and WG2). More discrepancies can be observed
for root-zone soil moisture-related variables (SWI60 and WG6). This result is probably related to the
uncertain soil depth for the SWI (the choice of the time scale T—Equation (4)—is related to the soil
type). The TCI and Tr also follow the same dynamic, at least for zones 1 and 2. Zone 3 is the most
affected zone, while zone 4 exhibited nearly normal production, probably because of the large irrigated
areas, as already mentioned. This season faced a severe rainfall deficit (meteorological drought) as early
as December in the four zones, as reflected by the below normal conditions in terms of the SMCI and
the SPEI3, while the VCI and the SWI60 were still indicative of the average vegetation and root-zone
moisture conditions at this time. Likewise, the air temperature was 2.7◦ above average during the
growing stages (MAPMDREF, 2016), which is in line with the TCI dynamic whose negative anomalies
peak in January for all four zones. In January and February, during the development stage of cereal,
the persistence of the precipitation deficit is associated with the continuation of adverse conditions in
terms of the surface soil moisture described here by the SMCI. In March, during the heading stage
of cereal, rainfall was still in short supply, and then, the VCI dropped for zone 1, zone 2 and zone 3,
indicating that crops were severely affected by the continuous deficit of rainfall and above-normal
temperatures. In contrast, the VCI for zone 4 still indicated good conditions even if precipitation
remained in short supply, which shows the resilience of irrigation systems facing a rainfall deficit.
Interestingly, 2011–2012 (Figure A4) exhibited a different seasonal pattern of drought. Indeed, while the
first part of the season until January exhibited average (for the SPEI) to above-normal conditions
(for the VCI and the SMCI), the drastic drop in rainfall during the core of wheat development (February
and March) had a major impact on grain yields, and the recovery of good soil moisture conditions
occurred too late, probably after the grain filling stage in April. This contrasting behavior reveals that
the different remote sensing drought indices related to vegetation, temperature and SM conditions can
be used to anticipate drought impacts on yields in a timely manner throughout the crop season.
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Figure 7. Monthly evolution of the remote sensing drought index anomalies VCI, TCI, VHI, SMCI,
SWI60, and LDAS outputs standardized anomalies LAI, Tr, WG2 (0–4 cm), WG6 (40–60 cm) and SPEI3
for zone 1 (a), zone 2 (b), zone 3 (c) and zone 4 (d) during the 2015/2016 dry cropping season.

4. Discussion

Linkages between monthly drought indices and the outputs of land data assimilation with cereal
yields have been highlighted at different times during wheat growth throughout the crop season.
Several questions arising from these results are discussed below: (1) What is the added value of using
LDAS to monitor drought with regard to the much higher expertise and computing time needed for the
implementation of such a complex system? (2) Remote sensing drought indices are usually computed
at a monthly time scale in the literature, but would an averaging time that is closer to the functioning
of the crops, such as the phenological stages, be more relevant? (3) Finally, could an empirical choice of
the α coefficient for VHI computation equal to 0.5 be revisited as a function of climate?

4.1. The Added Value of an LDAS

In terms of providing a drought monitoring dashboard to stakeholders, among which include
managers on the catchment scale or ministries on the country scale, the complexity of implementation
is a key question. Indeed, the LDAS, combining physically based LSMs with remote sensing variables
through complex techniques of filtering, parameter identification and data assimilation, are difficult
for local managers to implement without intense and continuous training sessions. This question is
assessed in two different ways. As a preliminary step, the added value of assimilating remote sensing
variables in a land surface model is assessed by comparing the correlation with the cereal yields of the
LDAS output with and without data assimilation (the “open-loop” runs). Then, the correlation values
between drought indices and LDAS outputs and cereal yields are compared at the group scale.

Table 5 shows the correlation between the outputs of the LSM without assimilation (open loop)
and with assimilation (analysis) and cereal yields. The analysis improves the correlation compared with
the open loop for all variables. For example, the assimilation improved the correlation between the LAI
and yield by approximately 6% for zones 1 and 3 and by 7% for zone 2. Concerning Tr, the correlation
improved by approximately 1 to 2%, depending on the study zone. Conversely, the improvement
is higher for the surface SM (WG2) when compared with the root-zone SM (WG6), as the variable
is more difficult to predict because (1) the vertical profile of soil hydraulic properties is uncertain
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and (2) the analysis increments (i.e., correction of the variables) for the deeper layers may be lower
than those for the superficial layer. Our results are in line with the work of Albergel et al. (2019),
who highlighted the ability of the LDAS-monde to better characterize agricultural droughts than its
open-loop counterpart over the continental United States of America [55]. Sawada et al. (2019) used
the Coupled Land and Vegetation Data Assimilation System (CLVDAS) based on the EcoHydro-SiB
land surface model to show that the simulated LAI at the end of the growing season is well correlated
with wheat production over North Africa, including Morocco. Data assimilation also improved the
skill of an LSM to reproduce the satellite-derived phenology so that the LDAS can reproduce the
nationwide crop production of this water-limited region.

Table 5. Correlation between output of the LSM with and without data assimilation and cereal yields
at the group scale. Only the maximum correlation time already identified in Section 3 is displayed.
All correlation coefficients are significant at the 99% level.

LAI Tr Ev WG 2 WG 6

Group 1

Month March March December December January

Open loop 0.88 0.84 0.73 0.82 0.72

Analysis 0.91 0.87 0.78 0.84 0.85

Group 2

Month February March January December December

Open loop 0.89 0.70 0.53 0.64 0.63

Analysis 0.91 0.78 0.65 0.70 0.78

Group 3

Month March March December December January

Open loop 0.82 0.71 0.71 0.71 0.72

Analysis 0.90 0.88 0.82 0.76 0.75

Group 4

Month March March December December January

Open loop 0.62 0.6 - - -

Analysis 0.64 0.65 - 0.69 0.59

Finally, Table 6 reports the correlation of the LDAS outputs and the remote sensing indices with
cereal yields at the correlation peak. The LDAS and remote sensing indices provide comparable
correlations with yields for vegetation characteristic variables (VCI and LAI) and to a lesser extent,
for the TCI and Tr. In contrast, one striking feature is the added value of the LDAS outputs for variables
related to the SM vertical profile. The correlations are always higher with the LDAS outputs than the
indices derived from remote sensing products. This result could be related to the shielding effect of
the canopy for the microwave observations used to derive the soil moisture-related indices. Indeed,
the C-band backscattering coefficient acquired by the ASCAT sensor is used to compute the SWIs at
different depths. The penetration depth of the C-band signal is low. In addition, Sigma0 is highly
sensitive to surface roughness, which may change significantly during the crop season in response
to soil workings and rainfall events. Brightness temperatures measured by microwave radiometers
used to derive the SMCI are also highly sensitive to the canopy optical depth. Within this context,
a mechanistic-based model predicting the processes involved in the SM dynamic (water interception
by the canopy, surface layer evaporation, root water extraction, water diffusion between the different
layers and deep drainage, etc.) appears to be better suited than using the remote sensing-derived SM
products that could be contaminated with errors, especially when the crop canopy is fully developed.
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Table 6. Correlation of the LDAS outputs and the remote sensing indices with cereal yields at the
correlation peak. The best correlation coefficients R are reported in bold.

Group 1 Group 2 Group 3 Group 4

Month R Month R Month R Month R

VCI March 0.84 March 0.87 March 0.80 March 0.71
LAI March 0.91 February 0.91 March 0.90 March 0.64

TCI February 0.78 February 0.80 February 0.75 February 0.61
Tr March 0.87 March 0.78 March 0.88 March 0.65

SMCI December 0.81 January 0.63 February 0.58 December 0.31
WG2 December 0.82 December 0.70 December 0.77 December 0.69

SWI60 January 0.79 December 0.75 December 0.57 December 0.47
WG6 January 0.85 December 0.78 January 0.75 January 0.59

4.2. Phenological Stages Versus Monthly Scale

Drought influences crop production differently depending on the development stage at the time
of its occurrence [131–133]. The correlation of yields with the drought indices averaged over the
main phenological stages described above is assessed in this section. Figure 8 shows the correlations
between the VCI, TCI, SMCI and SWI60 and rainfed cereal yield at the key phenological stages;
all correlation coefficients are significant at the 99% level. Table 7 displays the improvement in the
maximum correlation with regard to the correlation obtained by integrating the drought indices on
the monthly time scale. In line with the results described above, the correlation between the VCI and
yields is the strongest during the heading stage, corresponding to the development peak, while the TCI
is highly correlated during the development stage (Figure 8). The correlation by integrating across the
main phenological stages is slightly higher than that using the monthly time scale, but the correlation
improvement is limited, remaining below 15% for the VCI and the TCI and can even decrease by up
to 14% (Kenitra province for the VCI). This finding means that, in view of implementing an early
warning system of drought or for choosing predictors for the development of a model for the seasonal
prediction of wheat yields, the monthly time scale is adequate regarding the additional data processing
needed to identify the phenological stages. The behavior is quite similar for SWI60, except for some
provinces in which the maximum correlation increase can reach 31%. For the index related to the
soil moisture of the superficial layer SMCI, the maximum correlation is obtained around emergence
during the early stage of wheat growth. It is striking that (1) the correlation is improved for all the
provinces and (2) the correlation increase is significantly higher than that for the other indices and
can reach 49%. The seeding dates are very variable from one province to another and even from field
to field depending on the farming practices and the rainfall distribution. Thus, it is better suited to
choose an integrating time in accordance with the observed emergence of the crop detected in this
study using NDVI. It is more substantial at this time than during the following stages when the crops
are well developed. The main conclusion is that the monthly time scale is adequate for the drought
indices related to yields during the development and heading stages, while integration during the
observed emergence stage should be preferred for the superficial moisture conditions impacting yields
the earliest in the crop season.
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Figure 8. Correlation between VCI (a), TCI (b), SMCI (c), SWI60 (d) and cereal yield for key
phenological stages. ST: Settat, JD: El Jadida, BM: Beni Mellal, SF: Safi, KS: Kelaa des Sraghna,
HZ: Haouz, BS: Ben Slimane, KH: Khemisset, MK: Meknes, HB: El Hajeb, KN: Khenifra, FS: Fes,
TN: Taounat, TZ: Taza, KT: Kenitra. All the correlations are significant at the 99% level.

Table 7. Improvement in the maximum correlation coefficient obtained between yields and the drought
indices integrated over the phenological stages with regard to the monthly scale. Colors correspond to
the four groups of agricultural provinces (see text).

ST JD BM SF KS HZ BS KM MK HJ KN FS TN TZ KT

VCI 5% 1% 12% 8% 4% 1% 2% 0% 9% 8% 2% 4% 3% 11% −14%

TCI 3% 3% 0% 8% 5% 10% 9% 2% 4% 14% 5% 3% 3% 5% 12%

SMCI 3% 20% 6% 1% 4% 23% 7% 14% 12% 4% 46% 15% 49% 31% 35%

SWI60 2% 4% 7% 5% 1% 3% 1% 7% 31% 3% 18% −3% 6% 16% −10%

4.3. Alpha Value for the Computation of VHI

It is well known that the LST and NDVI contributions through the α value (Equation (3)) to the
VHI are not equal during the growing season or for different climate conditions [121]. As pointed out
by [46], who used the SPEI as a reference drought index, it is possible and recommended to estimate
an optimal value of α to assess the relative contributions of VCI and TCI for different regions during
each phenological stage. The objective of this section is twofold: (1) to propose optimal values of α for
each province and (2) to discuss the factors impacting these values. For this objective, α is optimized
to maximize the VHI correlation with yields (αYield), which is expected to reflect the agricultural
drought conditions during the entire growing season. The optimization method is a simple brute
force approach to sampling the space of the α value (from 0 to 1) with a step of 0.001. For ease of
interpretation, optimization at the scale of the phenological stages is preferred to the monthly time
scale, and the development and heading stages are chosen, as the VCI and the TCI have been shown
to be correlated with yields at these times of the crop season. As yield values are not available on
the province scale everywhere in the world, optimization is also performed based on the SPEI 1,
3 and 6 from January to April (αSPEI), which can be computed from widely available observations of
temperature and precipitation following Bento et al. (2018). Then, the correlation of the VHI with the
αSPEI values and cereal yields is computed. The retained results are those maximizing the latter for the
15 provinces on average; the correlation corresponds to the SPEI6 in March around the vegetation peak,
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which is in agreement with Bento et al. (2020). Table 8 displays the correlation of the VHI with yields
before and after optimization for both strategies (optimization with the yields and with the SPEI) and
the optimized values of α based on the cereal yields. Only the best results (with the SPEI6 in March)
are provided for optimization on the SPEI.

The results show that more weight should obviously be given to TCI during the development
stage (optimized α < 0.5) and to VCI during the heading stage (optimized α > 0.5) for all provinces,
which is in line with the correlation obtained between the TCI/VHI and the yields described above.
The correlation between the yields and the VHI is obviously significantly improved when considering
the optimized values based on yields, but the correlation values also increase when optimization is
performed on the SPEI 6 in March. This result means that (1) the optimized value of α should be
preferred to the widely used value corresponding to an equal weight to properly reflect the drought
conditions of a specific region; and (2) it is possible to find a better value than the equal weight based
on ancillary data when the yields are not available. This result has already been shown by Bento et
al. (2018) for Europe [46]. Interestingly, a close link is found between the α values and the seasonal
rainfall amount during the development stage (positive correlation of 0.65) and to a lesser extent
(r = 0.56) during the heading stage (no relationship with the average temperature was found; Table 2).
Stated differently, the VCI contribution increases with the annual rainfall amount, which is in apparent
conflict with the results of Bento et al. (2020), who showed that, on the global scale, the optimized α

values increase with aridity [47]. Nevertheless, all ecoclimatic regions of the globe are of concern in the
study of Bento et al. (2020), while only the semiarid and subhumid parts of Morocco are studied here.
In addition, non-wheat areas are masked in this study, while mixed pixels are analyzed using the 8-km
AVHRR data in Bento et al. (2020) [47]. For our interpretation, more weight should be given to the
TCI, as the heat stress drastically impacts yields during the development and heading stages in the
semiarid areas that are likely to face more severe temperatures than in the more humid regions located
north of the country.

Table 8. Correlation between the VHI proposed by Kogan and the VHI with optimization with yield
and the SPEI6 and yield. The value of α was optimized at the key phenological stage for all provinces.
All correlation coefficients are significant at the 99% level. Colors correspond to the four groups of
agricultural provinces (see text).

VHI (Kogan)
VHI VHI Alpha Values

(Optimization with Yield) (Optimization with SPEI 6) (Optimization with Yield)

Development Heading Development Heading Development Heading Development Heading

ST 0.72 0.87 0.84 0.93 0.81 0.88 0.12 0.67

JD 0.45 0.79 0.83 0.86 0.82 0.80 0.02 0.60

BM 0.60 0.85 0.82 0.86 0.79 0.79 0.01 0.38

SF 0.48 0.74 0.82 0.76 0.80 0.71 0.02 0.67

KS 0.49 0.76 0.79 0.77 0.78 0.76 0.01 0.52

HZ 0.64 0.86 0.79 0.93 0.79 0.92 0.01 0.60

BS 0.45 0.82 0.79 0.86 0.79 0.77 0.02 0.54

KM 0.68 0.85 0.76 0.89 0.75 0.78 0.16 0.98

MK 0.72 0.73 0.84 0.79 0.82 0.76 0.34 0.92

HJ 0.68 0.74 0.74 0.88 0.71 0.77 0.42 1.00

KN 0.78 0.90 0.83 0.94 0.80 0.92 0.47 0.90

FS 0.72 0.78 0.72 0.80 0.70 0.78 0.50 0.70

TN 0.58 0.75 0.68 0.85 0.64 0.78 0.38 0.89

TZ 0.47 0.63 0.73 0.75 0.63 0.72 0.01 0.88

KT 0.50 0.61 0.68 0.63 0.58 0.52 0.10 0.93
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5. Conclusions

The main objective of this study was to assess the linkages between rainfed cereal production
and agricultural drought in Morocco through remote sensing indices and an LDAS over the most
productive province. This assessment was carried out using a simple lagged correlation analysis
between the different variables and remote sensing indices and the wheat yields on the agricultural
province scale. The main results, which are schematically summarized in Table 9, are biophysically
sound and in line with the rich literature existing on this subject: the SMCI, SWI10, WG2 and Ev
(soil evaporation), as proxies of surface soil moisture conditions, are closely linked to the yields for the
early stage of wheat development, while the yields are correlated with moisture in the deeper layers
later in the season as the roots develop (WG4 to WG8, SWI40 and SWI60); temperature conditions
provided by the TCI and indirectly by the Tr mainly impact the yields during the development stage,
while the vegetation conditions (the VCI and the LAI) are a good proxy of production around the
vegetation peak in March or April depending on the provinces. Then, the case studies of the 2011–2012
and 2015–2016 droughts are analyzed in detail, showing the propagation from the deficit of rainfall
until the drop in vegetation conditions through the SM anomalies and adverse temperature conditions
occurring early in the season for 2015–2016, while the yield losses for 2011–2012 can be attributed to a
drastic drop in moisture conditions during the core of the season in February and March.

Table 9. Summary of the linkages between the remote sensing drought indices, the LDAS output
variables and the cereal yields during the crop season (++ significant correlation, +++ highly significant
correlation).

Emergence Tillering Elongation Booting Anthesis

December January February March April
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VCI ++ +++ ++

TCI ++ +++

VHI ++ ++ ++ ++

SMCI +++ ++

SWI10 +++

SWI40 ++ +++

SWI60 ++ ++ +++

LD
A

S
ou

tp
ut

s

LAI ++ ++ +++

Tr ++ ++ +++

Ev +++ ++

WG2 +++ ++

WG4 ++ +++

WG6 ++ +++

WG8 ++ +++

Then, several questions arising from the obtained results are discussed. First, the added value
of using an LDAS requiring strong expertise and computational power regarding simple drought
indices freely available from remote sensing is analyzed to provide a drought monitoring dashboard to
stakeholders. The main result is that a clear added value can be evidenced for all variables and in
particular for the variables related to the SM profile that are not directly observable from space for the
deeper layers. This result is interesting for stakeholders in the view of an operational monitoring of
drought as, with the development of LDAS systems, surface analysis of moisture, temperature and
vegetation conditions will be available freely in a near future, thus limiting the need for expertise and
computing facilities. Indeed, vegetation is an interfering element for the retrieval of SM from active
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and microwave sensors. Thus, surface SM products have the worst quality when the vegetation is
fully developed. Second, the typical integration time scale for the drought indices chosen within the
literature is the monthly time scale. Therefore, the correlation by integrating over the main phenological
stages that should be closer to plant functioning is computed. Higher correlations are obtained, but the
correlation improvement is limited, apart from the index related to the soil moisture of the superficial
layer SMCI, meaning that the monthly time scale is adequate for the drought indices related to the
yields during the development and heading stages, while integration during the observed emergence
stage are preferred for the superficial moisture conditions that most impact the yields early in the crop
season. Finally, the VHI is an extensively used drought index combining the temperature conditions
through the TCI and the vegetation conditions through the VCI, and the relative weight of both indices
for computation of the VHI is questioned following Bento et al. (2020) [47]. The optimal value of the
weight (α) in terms of mapping drought in relation to wheat production is computed by maximizing
the correlation between the VHI and the yields. As an alternative way to identify α values better than
the equal weight, α is also optimized, but it is optimized on the SPEI that can be computed from freely
available data. The main results are that (1) the optimized value of α should be preferred to the widely
used value corresponding to an equal weight to properly reflect the drought conditions of a specific
region; and (2) it is possible to find a better value than the equal weight based on ancillary data when
the yields are not available.

This study opens doors for the development of early warning systems for agronomic drought in
North Africa as well as for the seasonal forecasting of yields. To this objective, our on-going work
is twofold: (1) estimating threshold values triggering a warning as well as quantifying the potential
drop of yields as a function of the warning level; (2) early forecasting of yields production. Finally,
considering the small dimensions of Mediterranean fields, the Copernicus constellation providing
high-resolution data with a high revisit time will significantly improve the drought monitoring
capability from space and should be considered in future studies.
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Appendix A

Figure A1. Mean air temperature derived from ERA5 during the cereal crop season from 2000 to 2017.

Figure A2. NDVI profile with key phenological stages during the 2016–2017 season for the Settat
province.
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Figure A3. Correlation between the cumulative rainfall (a), monthly rainfall (b), average temperature (c),
monthly temperature (d) and cereal yields on the province scale. ST: Settat, JD: El Jadida, BM: Beni Mellal,
SF: Safi, KS: Kelaa des Sraghna, HZ: Haouz, BS: Ben Slimane, KM: Khemisset, MK: Meknes, HB: El Hajeb,
KN: Khenifra, FS: Fes, TN: Taounat, TZ: Taza, KT: Kenitra. All the correlations are significant at the
99% level.

Figure A4. Monthly evolution of the remote sensing drought index anomalies VCI, TCI, VHI, SMCI,
SWI60, and LDAS output standardized anomalies LAI, Tr, WG2 (0–4 cm), WG6 (40–60 cm) and SPEI3
for zone 1 (a), zone 2 (b), zone 3 (c) and zone 4 (d)during the 2011/2012 dry crop season.



Remote Sens. 2020, 12, 4018 29 of 35

References

1. Kumar, V. An early warning system for agricultural drought in an arid region using limited data. J. Arid
Environ. 1998. [CrossRef]

2. Páscoa, P.; Gouveia, C.M.; Russo, A.; Trigo, R.M. The role of drought on wheat yield interannual variability
in the Iberian Peninsula from 1929 to 2012. Int. J. Biometeorol. 2017. [CrossRef]

3. Ribeiro, A.F.S.; Russo, A.; Gouveia, C.M.; Páscoa, P. Modelling drought-related yield losses in Iberia using
remote sensing and multiscalar indices. Theor. Appl. Climatol. 2019. [CrossRef]

4. FAO. The Impact of of Natural Hazards and Disasters on Agriculture, Food Security and Nutrition; FAO: Rome,
Italy, 2017; ISBN 978-92-5-130359-7.

5. Schilling, J.; Freier, K.P.; Hertig, E.; Scheffran, J. Climate change, vulnerability and adaptation in North Africa
with focus on Morocco. Agric. Ecosyst. Environ. 2012. [CrossRef]

6. Schilling, J.; Hertig, E.; Tramblay, Y.; Scheffran, J. Climate change vulnerability, water resources and social
implications in North Africa. Reg. Environ. Chang. 2020. [CrossRef]

7. Tigkas, D.; Tsakiris, G. Early Estimation of Drought Impacts on Rainfed Wheat Yield in Mediterranean
Climate. Environ. Process. 2015. [CrossRef]

8. Karrou, M.; Oweis, T. Water and land productivities of wheat and food legumes with deficit supplemental
irrigation in a Mediterranean environment. Agric. Water Manag. 2012. [CrossRef]

9. Jarlan, L.; Abaoui, J.; Duchemin, B.; Ouldbba, A.; Tourre, Y.M.; Khabba, S.; Le Page, M.; Balaghi, R.;
Mokssit, A.; Chehbouni, G. Linkages between common wheat yields and climate in Morocco (1982–2008).
Int. J. Biometeorol. 2014, 58, 1489–1502. [CrossRef]

10. Balaghi, R.; Tychon, B.; Eerens, H.; Jlibene, M. Empirical regression models using NDVI, rainfall and
temperature data for the early prediction of wheat grain yields in Morocco. Int. J. Appl. Earth Obs. Geoinf.
2008. [CrossRef]

11. Latiri, K.; Lhomme, J.P.; Annabi, M.; Setter, T.L. Wheat production in Tunisia: Progress, inter-annual
variability and relation to rainfall. Eur. J. Agron. 2010, 33, 33–42. [CrossRef]

12. Agoumi, A. Vulnerability of North African Countries to Climatic Changes; International Institute for Sustainable
Development: Winnipeg, MB, Canada, 2003.

13. Driouech, F.; Déqué, M.; Mokssit, A. Numerical simulation of the probability distribution function of
precipitation over Morocco. Clim. Dyn. 2009. [CrossRef]

14. IPCC. Managing the Risks of Extreme Events and Disasters to Advance Climate Change Adaptation.
Available online: https://www.ipcc.ch/report/managing-the-risks-of-extreme-events-and-disasters-to-advan
ce-climate-change-adaptation/ (accessed on 27 November 2020).

15. Hertig, E.; Tramblay, Y. Regional downscaling of Mediterranean droughts under past and future climatic
conditions. Glob. Planet. Chang. 2017. [CrossRef]

16. Lehner, F.; Coats, S.; Stocker, T.F.; Pendergrass, A.G.; Sanderson, B.M.; Raible, C.C.; Smerdon, J.E.
Projected drought risk in 1.5 ◦C and 2 ◦C warmer climates. Geophys. Res. Lett. 2017. [CrossRef]

17. Dai, A. Drought under global warming: A review. Wiley Interdiscip. Rev. Clim. Chang. 2011. [CrossRef]
18. Vogel, M.M.; Hauser, M.; Seneviratne, S.I. Projected changes in hot, dry and wet extreme events’ clusters in

CMIP6 multi-model ensemble. Environ. Res. Lett. 2020. [CrossRef]
19. Ministère de l’Agriculture, de la Pêche Maritime, Développement Rural et des eaux et Forêts, Agriculture en

chiffre au Maroc. Available online: https://www.agriculture.gov.ma/pages/publications/agriculture-en-chiffr
es-2018-edition-2019 (accessed on 27 November 2020).

20. Vicente-Serrano, S.; Cuadrat-Prats, J.M.; Romo, A. Early prediction of crop production using drought indices
at different time-scales and remote sensing data: Application in the Ebro Valley (north-east Spain). Int. J.
Remote Sens. 2006. [CrossRef]

21. Wilhite, D.A.; Glantz, M.H. Water International Understanding: The Drought Phenomenon: The Role of
Definitions Understanding: The Drought Phenomenon: The Role of Definitions. Water Int. 1985, 10, 111–120.
[CrossRef]

22. Ciais, P.; Reichstein, M.; Viovy, N.; Granier, A.; Ogée, J.; Allard, V.; Aubinet, M.; Buchmann, N.; Bernhofer, C.;
Carrara, A.; et al. Europe-wide reduction in primary productivity caused by the heat and drought in 2003.
Nature 2005. [CrossRef]

23. Mishra, A.K.; Singh, V.P. A review of drought concepts. J. Hydrol. 2010. [CrossRef]

http://dx.doi.org/10.1006/jare.1998.0437
http://dx.doi.org/10.1007/s00484-016-1224-x
http://dx.doi.org/10.1007/s00704-018-2478-5
http://dx.doi.org/10.1016/j.agee.2012.04.021
http://dx.doi.org/10.1007/s10113-020-01597-7
http://dx.doi.org/10.1007/s40710-014-0052-4
http://dx.doi.org/10.1016/j.agwat.2012.01.014
http://dx.doi.org/10.1007/s00484-013-0753-9
http://dx.doi.org/10.1016/j.jag.2006.12.001
http://dx.doi.org/10.1016/j.eja.2010.02.004
http://dx.doi.org/10.1007/s00382-008-0430-6
https://www.ipcc.ch/report/managing-the-risks-of-extreme-events-and-disasters-to-advance-climate-change-adaptation/
https://www.ipcc.ch/report/managing-the-risks-of-extreme-events-and-disasters-to-advance-climate-change-adaptation/
http://dx.doi.org/10.1016/j.gloplacha.2016.10.015
http://dx.doi.org/10.1002/2017GL074117
http://dx.doi.org/10.1002/wcc.81
http://dx.doi.org/10.1088/1748-9326/ab90a7
https://www.agriculture.gov.ma/pages/publications/agriculture-en-chiffres-2018-edition-2019
https://www.agriculture.gov.ma/pages/publications/agriculture-en-chiffres-2018-edition-2019
http://dx.doi.org/10.1080/01431160500296032
http://dx.doi.org/10.1080/02508068508686328
http://dx.doi.org/10.1038/nature03972
http://dx.doi.org/10.1016/j.jhydrol.2010.07.012


Remote Sens. 2020, 12, 4018 30 of 35

24. Balaghi, R.; Jlibene, M.; Tychon, B.; Eerens, H. Agrometeorological Cereal Yield Forecasting in Morocco;
Institut National de la Recherche Agronomique: Rabat, Morocco, 2013; ISBN 978-9954-0-6683-6.

25. Ewert, F.; Rodriguez, D.; Jamieson, P.; Semenov, M.A.; Mitchell, R.A.C.; Goudriaan, J.; Porter, J.R.;
Kimball, B.A.; Pinter, P.J.; Manderscheid, R.; et al. Effects of elevated CO2 and drought on wheat:
Testing crop simulation models for different experimental and climatic conditions. Agric. Ecosyst. Environ.
2002, 93, 249–266. [CrossRef]

26. Van Herwaarden, A.F.; Farquhar, G.D.; Angus, J.F.; Richards, R.A.; Howe, G.N. “Haying-off”, the negative
grain yield response of dryland wheat to nitrogen fertiliser. I. Biomass, grain yield, and water use. Aust. J.
Agric. Res. 1998, 49, 1067. [CrossRef]

27. McKee, T.B.; Nolan, J.; Kleist, J. The relationship of drought frequency and duration to time scales. Prepr. Eighth
Conf. Appl. Climatol. Am. Meteor Soc. 1993, 17, 179–184.

28. Kazmi, D.H.; Rasul, G. Agrometeorological wheat yield prediction in rainfed Potohar region of Pakistan.
Agric. Sci. 2012. [CrossRef]

29. Salman, A.Z.; Al-Karablieh, E.K. An early warning system for wheat production in low rainfall areas of
Jordan. J. Arid Environ. 2001. [CrossRef]

30. Kumar, V.; Panu, U. Predictive assessment of severity of agricultural droughts based on agro-climatic factors.
J. Am. Water Resour. Assoc. 1997. [CrossRef]

31. Heng, L.K.; Asseng, S.; Mejahed, K.; Rusan, M. Optimizing wheat productivity in two rain-fed environments
of the West Asia-North Africa region using a simulation model. Eur. J. Agron. 2007, 26, 121–129. [CrossRef]

32. Timmermans, B.G.H.; Vos, J.; van Nieuwburg, J.; Stomph, T.J.; van der Putten, P.E.L. Germination rates of
Solanum sisymbriffolium: Temperature response models, effects of temperature fluctuations and soil water
potential. Seed Sci. Res. 2007, 17, 221–231. [CrossRef]

33. Vicente-Serrano, S.M.; Beguería, S.; López-Moreno, J.I. A multiscalar drought index sensitive to global
warming: The standardized precipitation evapotranspiration index. J. Clim. 2010. [CrossRef]

34. Bijaber, N.; El Hadani, D.; Saidi, M.; Svoboda, M.D.; Wardlow, B.D.; Hain, C.R.; Poulsen, C.C.; Yessef, M.;
Rochdi, A. Developing a remotely sensed drought monitoring indicator for Morocco. Geosciences 2018, 8, 55.
[CrossRef]

35. Hayes, M.J.; Svoboda, M.D.; Wardlow, B.D.; Anderson, M.C.; Kogan, F. Drought Monitoring: Historical and
Current Perspectives. Available online: https://digitalcommons.unl.edu/droughtfacpub/94/ (accessed on 27
November 2020).

36. Le Page, M.; Zribi, M. Analysis and Predictability of Drought In Northwest Africa Using Optical and
Microwave Satellite Remote Sensing Products. Sci. Rep. 2019. [CrossRef]

37. Zargar, A.; Sadiq, R.; Naser, B.; Khan, F.I. A review of drought indices. Environ. Rev. 2011, 19, 333–349.
[CrossRef]

38. Hazaymeh, K.; Hassan, Q.K. Remote sensing of agricultural drought monitoring: A state of art review.
AIMS Environ. Sci. 2016. [CrossRef]

39. Singh, R.P.; Roy, S.; Kogan, F. Vegetation and temperature condition indices from NOAA AVHRR data for
drought monitoring over India. Int. J. Remote Sens. 2003. [CrossRef]

40. Liu, W.T.; Kogan, F.N. Monitoring regional drought using the vegetation condition index. Int. J. Remote Sens.
1996. [CrossRef]

41. Unganai, L.S.; Kogan, F.N. Drought monitoring and corn yield estimation in southern Africa from AVHRR
data. Remote Sens. Environ. 1998. [CrossRef]

42. Salazar, L.; Kogan, F.; Roytman, L. Use of remote sensing data for estimation of winter wheat yield in the
United States. Int. J. Remote Sens. 2007. [CrossRef]

43. Vicente-Serrano, S.M. Evaluating the impact of drought using remote sensing in a Mediterranean, Semi-arid
Region. Nat. Hazards 2007. [CrossRef]

44. Kogan, F.N. Global Drought Watch from Space. Bull. Am. Meteorol. Soc. 1997. [CrossRef]
45. Bento, V.A.; Trigo, I.F.; Gouveia, C.M.; DaCamara, C.C. Contribution of Land Surface Temperature (TCI)

to Vegetation Health Index: A comparative study using clear sky and all-weather climate data records.
Remote Sens. 2018, 9, 1324. [CrossRef]

46. Bento, V.A.; Gouveia, C.M.; DaCamara, C.C.; Trigo, I.F. A climatological assessment of drought impact on
vegetation health index. Agric. For. Meteorol. 2018. [CrossRef]

http://dx.doi.org/10.1016/S0167-8809(01)00352-8
http://dx.doi.org/10.1071/A97039
http://dx.doi.org/10.4236/as.2012.32019
http://dx.doi.org/10.1006/jare.2001.0799
http://dx.doi.org/10.1111/j.1752-1688.1997.tb03550.x
http://dx.doi.org/10.1016/j.eja.2006.09.001
http://dx.doi.org/10.1017/S0960258507785628
http://dx.doi.org/10.1175/2009JCLI2909.1
http://dx.doi.org/10.3390/geosciences8020055
https://digitalcommons.unl.edu/droughtfacpub/94/
http://dx.doi.org/10.1038/s41598-018-37911-x
http://dx.doi.org/10.1139/a11-013
http://dx.doi.org/10.3934/environsci.2016.4.604
http://dx.doi.org/10.1080/0143116031000084323
http://dx.doi.org/10.1080/01431169608949106
http://dx.doi.org/10.1016/S0034-4257(97)00132-6
http://dx.doi.org/10.1080/01431160601050395
http://dx.doi.org/10.1007/s11069-006-0009-7
http://dx.doi.org/10.1175/1520-0477(1997)078&lt;0621:GDWFS&gt;2.0.CO;2
http://dx.doi.org/10.3390/rs10091324
http://dx.doi.org/10.1016/j.agrformet.2018.05.014


Remote Sens. 2020, 12, 4018 31 of 35

47. Bento, V.A.; Gouveia, C.M.; DaCamara, C.C.; Libonati, R.; Trigo, I.F. The roles of NDVI and Land Surface
Temperature when using the Vegetation Health Index over dry regions. Glob. Planet. Chang. 2020, 190,
103198. [CrossRef]

48. Zhang, A.; Jia, G. Monitoring meteorological drought in semiarid regions using multi-sensor microwave
remote sensing data. Remote Sens. Environ. 2013, 134, 12–23. [CrossRef]

49. Reichle, R.H.; Koster, R.D.; Liu, P.; Mahanama, S.P.P.; Njoku, E.G.; Owe, M. Comparison and assimilation of
global soil moisture retrievals from the Advanced Microwave Scanning Radiometer for the Earth Observing
System (AMSR-E) and the Scanning Multichannel Microwave Radiometer (SMMR). J. Geophys. Res. 2007,
112, 1–14. [CrossRef]

50. Albergel, C.; Munier, S.; Jennifer Leroux, D.; Dewaele, H.; Fairbairn, D.; Lavinia Barbu, A.; Gelati, E.;
Dorigo, W.; Faroux, S.; Meurey, C.; et al. Sequential assimilation of satellite-derived vegetation and
soil moisture products using SURFEX-v8.0: LDAS-Monde assessment over the Euro-Mediterranean area.
Geosci. Model Dev. 2017. [CrossRef]

51. Kumar, S.V.; Jasinski, M.; Mocko, D.M.; Rodell, M.; Borak, J.; Li, B.; Beaudoing, H.K.; Peters-Lidard, C.D.
NCA-LDAS Land Analysis: Development and Performance of a Multisensor, Multivariate Land Data
Assimilation System for the National Climate Assessment. J. Hydrometeorol. 2019. [CrossRef]

52. Sawada, Y.; Koike, T.; Walker, J.P. A land data assimilation system for simultaneous simulation of soil
moisture and vegetation dynamics. J. Geophys. Res. 2015. [CrossRef]

53. McNally, A.; Arsenault, K.; Kumar, S.; Shukla, S.; Peterson, P.; Wang, S.; Funk, C.; Peters-Lidard, C.D.;
Verdin, J.P. A land data assimilation system for sub-Saharan Africa food and water security applications.
Sci. Data 2017. [CrossRef]

54. Han, E.; Crow, W.T.; Holmes, T.; Bolten, J. Benchmarking a soil moisture data assimilation system for
agricultural drought monitoring. J. Hydrometeorol. 2014, 15, 1117–1134. [CrossRef]

55. Blyverket, J.; Hamer, P.D.; Schneider, P.; Albergel, C.; Lahoz, W.A. Monitoring soil moisture drought over
northern high latitudes from space. Remote Sens. 2019, 10, 1200. [CrossRef]

56. Bolten, J.D.; Crow, W.T.; Jackson, T.J.; Zhan, X.; Reynolds, C.A. Evaluating the Utility of Remotely Sensed
Soil Moisture Retrievals for Operational Agricultural Drought Monitoring. IEEE J. Sel. Top. Appl. Earth Obs.
Remote Sens. 2010. [CrossRef]

57. Renzullo, L.J.; van Dijk, A.I.J.M.; Perraud, J.M.; Collins, D.; Henderson, B.; Jin, H.; Smith, A.B.; McJannet, D.L.
Continental satellite soil moisture data assimilation improves root-zone moisture analysis for water resources
assessment. J. Hydrol. 2014. [CrossRef]

58. Draper, C.S.; Mahfouf, J.F.; Walker, J.P. An EKF assimilation of AMSR-E soil moisture into the ISBA land
surface scheme. J. Geophys. Res. Atmos. 2009. [CrossRef]

59. Albergel, C.; Calvet, J.C.; Mahfouf, J.F.; Rüdiger, C.; Barbu, A.L.; Lafont, S.; Roujean, J.L.; Walker, J.P.;
Crapeau, M.; Wigneron, J.P. Monitoring of water and carbon fluxes using a land data assimilation system:
A case study for southwestern France. Hydrol. Earth Syst. Sci. 2010. [CrossRef]

60. Ragab, R. Towards a continuous operational system to estimate the root-zone soil moisture from intermittent
remotely sensed surface moisture. J. Hydrol. 1995. [CrossRef]

61. Walker, J.P.; Willgoose, G.R.; Kalma, J.D. One-dimensional soil moisture profile retrieval by assimilation of
near-surface measurements: A simplified soil moisture model and field application. J. Hydrometeorol. 2001.
[CrossRef]

62. Bolten, J.D.; Crow, W.T. Improved prediction of quasi-global vegetation conditions using remotely-sensed
surface soil moisture. Geophys. Res. Lett. 2012. [CrossRef]

63. Albergel, C.; Munier, S.; Bocher, A.; Bonan, B.; Zheng, Y.; Draper, C.; Leroux, D.J.; Calvet, J.C. LDAS-Monde
sequential assimilation of satellite derived observations applied to the contiguous US: An ERA-5 driven
reanalysis of the land surface variables. Remote Sens. 2018, 10, 1627. [CrossRef]

64. Kogan, F.N. Application of vegetation index and brightness temperature for drought detection. Adv. Sp. Res.
1995. [CrossRef]

65. Gao, B.C. NDWI—A normalized difference water index for remote sensing of vegetation liquid water from
space. Remote Sens. Environ. 1996. [CrossRef]

66. Wang, P.X.; Li, X.W.; Gong, J.Y.; Song, C. Vegetation temperature condition index and its application for
drought monitoring. In Proceedings of the International Geoscience and Remote Sensing Symposium
(IGARSS), Sydney, Ausralia, 9–13 July 2001.

http://dx.doi.org/10.1016/j.gloplacha.2020.103198
http://dx.doi.org/10.1016/j.rse.2013.02.023
http://dx.doi.org/10.1029/2006JD008033
http://dx.doi.org/10.5194/gmd-10-3889-2017
http://dx.doi.org/10.1175/JHM-D-17-0125.1
http://dx.doi.org/10.1002/2014JD022895
http://dx.doi.org/10.1038/sdata.2017.12
http://dx.doi.org/10.1175/JHM-D-13-0125.1
http://dx.doi.org/10.3390/rs11101200
http://dx.doi.org/10.1109/JSTARS.2009.2037163
http://dx.doi.org/10.1016/j.jhydrol.2014.08.008
http://dx.doi.org/10.1029/2008JD011650
http://dx.doi.org/10.5194/hess-14-1109-2010
http://dx.doi.org/10.1016/0022-1694(95)02749-F
http://dx.doi.org/10.1175/1525-7541(2001)002&lt;0356:ODSMPR&gt;2.0.CO;2
http://dx.doi.org/10.1029/2012GL053470
http://dx.doi.org/10.3390/rs10101627
http://dx.doi.org/10.1016/0273-1177(95)00079-T
http://dx.doi.org/10.1016/S0034-4257(96)00067-3


Remote Sens. 2020, 12, 4018 32 of 35

67. Peters, A.J.; Walter-Shea, E.A.; Ji, L.; Viña, A.; Hayes, M.; Svoboda, M.D. Drought monitoring with NDVI-based
Standardized Vegetation Index. Photogramm. Eng. Remote Sens. 2002, 68, 71–75.

68. Gu, Y.; Brown, J.F.; Verdin, J.P.; Wardlow, B. A five-year analysis of MODIS NDVI and NDWI for grassland
drought assessment over the central Great Plains of the United States. Geophys. Res. Lett. 2007. [CrossRef]

69. Wang, L.; Qu, J.J. NMDI: A normalized multi-band drought index for monitoring soil and vegetation moisture
with satellite remote sensing. Geophys. Res. Lett. 2007. [CrossRef]

70. Ghulam, A.; Li, Z.L.; Qin, Q.; Yimit, H.; Wang, J. Estimating crop water stress with ETM+ NIR and SWIR
data. Agric. For. Meteorol. 2008. [CrossRef]

71. Rhee, J.; Im, J.; Carbone, G.J. Monitoring agricultural drought for arid and humid regions using multi-sensor
remote sensing data. Remote Sens. Environ. 2010, 114, 2875–2887. [CrossRef]

72. Anderson, M.C.; Zolin, C.A.; Sentelhas, P.C.; Hain, C.R.; Semmens, K.; Tugrul Yilmaz, M.; Gao, F.; Otkin, J.A.;
Tetrault, R. The Evaporative Stress Index as an indicator of agricultural drought in Brazil: An assessment
based on crop yield impacts. Remote Sens. Environ. 2016, 174, 82–99. [CrossRef]

73. Zhang, X.; Chen, N.; Li, J.; Chen, Z.; Niyogi, D. Multi-sensor integrated framework and index for agricultural
drought monitoring. Remote Sens. Environ. 2017, 188, 141–163. [CrossRef]

74. Jiao, W.; Tian, C.; Chang, Q.; Novick, K.A.; Wang, L. Agricultural and Forest Meteorology A new multi-sensor
integrated index for drought monitoring. Agric. For. Meteorol. 2019, 268, 74–85. [CrossRef]

75. Hu, T.; Renzullo, L.J.; van Dijk, A.I.J.M.; He, J.; Tian, S.; Xu, Z.; Zhou, J.; Liu, T.; Liu, Q. Monitoring agricultural
drought in Australia using MTSAT-2 land surface temperature retrievals. Remote Sens. Environ. 2020, 236.
[CrossRef]

76. Driouech, F.; Déqué, M.; Sánchez-Gómez, E. Weather regimes-Moroccan precipitation link in a regional
climate change simulation. Glob. Planet. Chang. 2010, 72, 1–10. [CrossRef]

77. Knippertz, P.; Christoph, M.; Speth, P. Long-term precipitation variability in Morocco and the link to the
large-scale circulation in recent and future climates. Meteorol. Atmos. Phys. 2003. [CrossRef]

78. Balaghi, R.; Jlibene, M.; Tychon, B.; Mrabet, R. Gestion du risque de sécheresse agricole au Maroc. Sci. Chang.
Planét. Sécheresse 2007, 18, 169–176. [CrossRef]

79. Beguería, S.; Vicente-Serrano, S.M.; Reig, F.; Latorre, B. Standardized precipitation evapotranspiration index
(SPEI) revisited: Parameter fitting, evapotranspiration models, tools, datasets and drought monitoring. Int. J.
Climatol. 2014. [CrossRef]

80. Abbasi, A.; Khalili, K.; Behmanesh, J.; Shirzad, A. Drought monitoring and prediction using SPEI index and
gene expression programming model in the west of Urmia Lake. Theor. Appl. Climatol. 2019, 138, 553–567.
[CrossRef]

81. Tirivarombo, S.; Osupile, D.; Eliasson, P. Drought monitoring and analysis: Standardised Precipitation
Evapotranspiration Index (SPEI) and Standardised Precipitation Index (SPI). Phys. Chem. Earth 2018, 106,
1–10. [CrossRef]

82. Wang, F.; Yang, H.; Wang, Z.; Zhang, Z.; Li, Z. Drought evaluation with CMORPH satellite precipitation
data in the Yellow River basin by using Gridded Standardized Precipitation Evapotranspiration Index.
Remote Sens. 2019, 11, 485. [CrossRef]

83. Hersbach, H.; Bell, B.; Berrisford, P.; Hirahara, S.; Horányi, A.; Muñoz-Sabater, J.; Nicolas, J.; Peubey, C.;
Radu, R.; Schepers, D.; et al. The ERA5 global reanalysis. Q. J. R. Meteorol. Soc. 2020. [CrossRef]

84. Begueria, S.; Serrano, V.; Sawasawa, H. SPEI: Calculation of Standardised Precipitation-Evapotranspiration
Index. R Package Version 1.7. Available online: https://cran.r-project.org/web/packages/SPEI/SPEI.pdf
(accessed on 27 November 2020).

85. Allen, R.G.; Pereira, L.S.; Raes, D.; Smith, M. Crop Evapotranspiration—Guidelines for Computing Crop
Water Requirements—FAO Irrigation and Drainage Paper 56. Available online: https://appgeodb.nancy.inra.
fr/biljou/pdf/Allen_FAO1998.pdf (accessed on 27 November 2020).

86. Jlibene, M. Options Génétiques D’adaptation du Blé Tendre au Changement Climatique. Prix Hassan II pour
L’innovation et la Recherche, Édition 2009. Available online: https://www.inra.org.ma/sites/default/files/pub
lications/ouvrages/jlibene11.pdf (accessed on 27 November 2020).

87. Bouras, E.; Jarlan, L.; Khabba, S.; Er-Raki, S.; Dezetter, A.; Sghir, F.; Tramblay, Y. Assessing the impact of
global climate changes on irrigated wheat yields and water requirements in a semi-arid environment of
Morocco. Sci. Rep. 2019, 9. [CrossRef]

http://dx.doi.org/10.1029/2006GL029127
http://dx.doi.org/10.1029/2007GL031021
http://dx.doi.org/10.1016/j.agrformet.2008.05.020
http://dx.doi.org/10.1016/j.rse.2010.07.005
http://dx.doi.org/10.1016/j.rse.2015.11.034
http://dx.doi.org/10.1016/j.rse.2016.10.045
http://dx.doi.org/10.1016/j.agrformet.2019.01.008
http://dx.doi.org/10.1016/j.rse.2019.111419
http://dx.doi.org/10.1016/j.gloplacha.2010.03.004
http://dx.doi.org/10.1007/s00703-002-0561-y
http://dx.doi.org/10.1684/sec.2007.0088
http://dx.doi.org/10.1002/joc.3887
http://dx.doi.org/10.1007/s00704-019-02825-9
http://dx.doi.org/10.1016/j.pce.2018.07.001
http://dx.doi.org/10.3390/rs11050485
http://dx.doi.org/10.1002/qj.3803
https://cran.r-project.org/web/packages/SPEI/SPEI.pdf
https://appgeodb.nancy.inra.fr/biljou/pdf/Allen_FAO1998.pdf
https://appgeodb.nancy.inra.fr/biljou/pdf/Allen_FAO1998.pdf
https://www.inra.org.ma/sites/default/files/publications/ouvrages/jlibene11.pdf
https://www.inra.org.ma/sites/default/files/publications/ouvrages/jlibene11.pdf
http://dx.doi.org/10.1038/s41598-019-55251-2


Remote Sens. 2020, 12, 4018 33 of 35

88. Ryan, J.; Monem, M.A.; Amri, A. Nitrogen fertilizer response of some barley varieties in semi-arid conditions
in Morocco. J. Agric. Sci. Technol. 2009, 11, 227–236.

89. Duchemin, B.; Fieuzal, R.; Rivera, M.; Ezzahar, J.; Jarlan, L.; Rodriguez, J.; Hagolle, O.; Watts, C. Impact of
Sowing Date on Yield and Water Use Efficiency of Wheat Analyzed through Spatial Modeling and
FORMOSAT-2 Images. Remote Sens. 2015, 7, 5951–5979. [CrossRef]

90. Kaufman, L.; Rousseeuw, P.J. Finding Groups in Data: An Introduction to Cluster Analysis (Wiley Series in
Probability and Statistics). Available online: https://www.wiley.com/en-us/Finding+Groups+in+Data%3A+

An+Introduction+to+Cluster+Analysis-p-9780470317488 (accessed on 27 November 2020).
91. Du, L.; Tian, Q.; Yu, T.; Meng, Q.; Jancso, T.; Udvardy, P.; Huang, Y. A comprehensive drought monitoring

method integrating MODIS and TRMM data. Int. J. Appl. Earth Obs. Geoinf. 2013. [CrossRef]
92. Kogan, F.N. Droughts of the late 1980s in the United States as derived from NOAA polar-orbiting satellite

data. Bull. Am. Meteorol. Soc. 1995. [CrossRef]
93. Holben, B.N. Characteristics of maximum-value composite images from temporal AVHRR data. Int. J.

Remote Sens. 1986. [CrossRef]
94. Wan, Z. A generalized split-window algorithm for retrieving land-surface temperature from space. IEEE Trans.

Geosci. Remote Sens. 1996. [CrossRef]
95. Qiu, J.; Crow, W.T.; Nearing, G.S.; Mo, X.; Liu, S. The impact of vertical measurement depth on the information

content of soil moisture times series data. Geophys. Res. Lett. 2014. [CrossRef]
96. Ceballos, A.; Scipal, K.; Wagner, W.; Martínez-Fernández, J. Validation of ERS scatterometer-derived soil

moisture data in the central part of the Duero Basin, Spain. Hydrol. Process. 2005. [CrossRef]
97. Albergel, C.; Rüdiger, C.; Pellarin, T.; Calvet, J.C.; Fritz, N.; Froissard, F.; Suquia, D.; Petitpa, A.; Piguet, B.;

Martin, E. From near-surface to root-zone soil moisture using an exponential filter: An assessment of the
method based on in-situ observations and model simulations. Hydrol. Earth Syst. Sci. 2008. [CrossRef]

98. Brocca, L.; Hasenauer, S.; Lacava, T.; Melone, F.; Moramarco, T.; Wagner, W.; Dorigo, W.; Matgen, P.;
Martínez-Fernández, J.; Llorens, P.; et al. Soil moisture estimation through ASCAT and AMSR-E sensors:
An intercomparison and validation study across Europe. Remote Sens. Environ. 2011. [CrossRef]

99. Zribi, M.; Paris Anguela, T.; Duchemin, B.; Lili, Z.; Wagner, W.; Hasenauer, S.; Chehbouni, A. Relationship
between soil moisture and vegetation in the Kairouan plain region of Tunisia using low spatial resolution
satellite data. Water Resour. Res. 2010. [CrossRef]

100. Wagner, W.; Lemoine, G.; Rott, H. A method for estimating soil moisture from ERS Scatterometer and soil
data. Remote Sens. Environ. 1999. [CrossRef]

101. Bauer-Marschallinger, B. Copernicus Global Land Operations “Vegetation and Energy”. Copernicus Publ.
Prod. User Man. 2018, 51, 1–85.

102. Paulik, C.; Dorigo, W.; Wagner, W.; Kidd, R. Validation of the ASCAT soil water index using in situ data from
the International Soil moisture network. Int. J. Appl. Earth Obs. Geoinf. 2014, 30, 1–8. [CrossRef]

103. Bartalis, Z.; Naeimi, V.; Wagner, W. ASCAT Soil Moisture Product Handbook; ASCAT Soil Moisture Report
Series, No. 15; Institute of Photogrammetry and Remote Sensing, Vienna University of Technology: Vienna,
Austria, 2008.

104. Krueger, E.S.; Ochsner, T.E.; Quiring, S.M. Development and evaluation of soil moisture-based indices for
agricultural drought monitoring. Agron. J. 2019, 111, 1392–1406. [CrossRef]

105. Dorigo, W.; Wagner, W.; Albergel, C.; Albrecht, F.; Balsamo, G.; Brocca, L.; Chung, D.; Ertl, M.; Forkel, M.;
Gruber, A.; et al. ESA CCI Soil Moisture for improved Earth system understanding: State-of-the art and
future directions. Remote Sens. Environ. 2017, 203, 185–215. [CrossRef]

106. Masson, V.; Le Moigne, P.; Martin, E.; Faroux, S.; Alias, A.; Alkama, R.; Belamari, S.; Barbu, A.; Boone, A.;
Bouyssel, F.; et al. The SURFEXv7.2 land and ocean surface platform for coupled or offline simulation of
earth surface variables and fluxes. Geosci. Model Dev. 2013. [CrossRef]

107. Fairbairn, D.; Lavinia Barbu, A.; Napoly, A.; Albergel, C.; Mahfouf, J.F.; Calvet, J.C. The effect of
satellite-derived surface soil moisture and leaf area index land data assimilation on streamflow simulations
over France. Hydrol. Earth Syst. Sci. 2017. [CrossRef]

108. Mahfouf, J.F.; Bergaoui, K.; Draper, C.; Bouyssel, F.; Taillefer, F.; Taseva, L. A comparison of two off-line soil
analysis schemes for assimilation of screen level observations. J. Geophys. Res. Atmos. 2009. [CrossRef]

109. Noilhan, J.; Mahfouf, J.F. The ISBA land surface parameterisation scheme. Glob. Planet. Chang. 1996.
[CrossRef]

http://dx.doi.org/10.3390/rs70505951
https://www.wiley.com/en-us/Finding+Groups+in+Data%3A+An+Introduction+to+Cluster+Analysis-p-9780470317488
https://www.wiley.com/en-us/Finding+Groups+in+Data%3A+An+Introduction+to+Cluster+Analysis-p-9780470317488
http://dx.doi.org/10.1016/j.jag.2012.09.010
http://dx.doi.org/10.1175/1520-0477(1995)076&lt;0655:DOTLIT&gt;2.0.CO;2
http://dx.doi.org/10.1080/01431168608948945
http://dx.doi.org/10.1109/36.508406
http://dx.doi.org/10.1002/2014GL060017
http://dx.doi.org/10.1002/hyp.5585
http://dx.doi.org/10.5194/hess-12-1323-2008
http://dx.doi.org/10.1016/j.rse.2011.08.003
http://dx.doi.org/10.1029/2009WR008196
http://dx.doi.org/10.1016/S0034-4257(99)00036-X
http://dx.doi.org/10.1016/j.jag.2014.01.007
http://dx.doi.org/10.2134/agronj2018.09.0558
http://dx.doi.org/10.1016/j.rse.2017.07.001
http://dx.doi.org/10.5194/gmd-6-929-2013
http://dx.doi.org/10.5194/hess-21-2015-2017
http://dx.doi.org/10.1029/2008JD011077
http://dx.doi.org/10.1016/0921-8181(95)00043-7


Remote Sens. 2020, 12, 4018 34 of 35

110. Calvet, J.C.; Noilhan, J.; Roujean, J.L.; Bessemoulin, P.; Cabelguenne, M.; Olioso, A.; Wigneron, J.P.
An interactive vegetation SVAT model tested against data from six contrasting sites. Agric. For. Meteorol.
1998. [CrossRef]

111. Gibelin, A.L.; Calvet, J.C.; Roujean, J.L.; Jarlan, L.; Los, S.O. Ability of the land surface model ISBA-A-gs to
simulate leaf area index at the global scale: Comparison with satellites products. J. Geophys. Res. Atmos.
2006. [CrossRef]

112. Genovese, G.; Vignolles, C.; Nègre, T.; Passera, G. A methodology for a combined use of normalised difference
vegetation index and CORINE land cover data for crop yield monitoring and forecasting. A case study on
Spain. Agronomie 2001. [CrossRef]

113. Faroux, S.; Kaptué Tchuenté, A.T.; Roujean, J.-L.; Masson, V.; Martin, E.; Le Moigne, P. ECOCLIMAP-II/Europe:
A twofold database of ecosystems and surface parameters at 1 km resolution based on satellite information
for use in land surface, meteorological and climate models. Geosci. Model Dev. 2013. [CrossRef]

114. Masson, V.; Champeaux, J.L.; Chauvin, F.; Meriguet, C.; Lacaze, R. A global database of land surface
parameters at 1-km resolution in meteorological and climate models. J. Clim. 2003. [CrossRef]

115. Chu, L.; Liu, G.H.; Huang, C.; Liu, Q.S. Phenology detection of winter wheat in the Yellow River delta
using MODIS NDVI time-series data. In Proceedings of the 2014 3rd Int. Conf. Agro-Geoinformatics,
Agro-Geoinformatics 2014, Beijing, China, 11–14 August 2014. [CrossRef]

116. Bradley, B.A.; Jacob, R.W.; Hermance, J.F.; Mustard, J.F. A curve fitting procedure to derive inter-annual
phenologies from time series of noisy satellite NDVI data. Remote Sens. Environ. 2007. [CrossRef]

117. Viña, A.; Gitelson, A.A.; Rundquist, D.C.; Keydan, G.; Leavitt, B.; Schepers, J. Monitoring maize (Zea mays L.)
phenology with remote sensing. Agron. J. 2004, 96, 1139–1147.

118. Li, L.; Friedl, M.A.; Xin, Q.; Gray, J.; Pan, Y.; Frolking, S. Mapping crop cycles in China using MODIS-EVI
time series. Remote Sens. 2014, 11, 2473–2493. [CrossRef]

119. Zhang, X.; Obringer, R.; Wei, C.; Chen, N.; Niyogi, D. Droughts in India from 1981 to 2013 and Implications
to Wheat Production. Sci. Rep. 2017. [CrossRef]

120. Modanesi, S.; Massari, C.; Camici, S.; Brocca, L.; Amarnath, G. Do Satellite Surface Soil Moisture Observations
Better Retain Information About Crop-Yield Variability in Drought Conditions? Water Resour. Res. 2020.
[CrossRef]

121. Kogan, F.; Yang, B.; Guo, W.; Pei, Z.; Jiao, X. Modelling corn production in China using AVHRR-based
vegetation health indices. Int. J. Remote Sens. 2005. [CrossRef]

122. Jung, T.; Vitart, F.; Ferranti, L.; Morcrette, J.J. Origin and predictability of the extreme negative NAO winter
of 2009/10. Geophys. Res. Lett. 2011, 38. [CrossRef]

123. Savin, R.; Slafer, G.A. Shading effects on the yield of an Argentinian wheat cultivar. J. Agric. Sci. 1991.
[CrossRef]

124. Warrington, I.J.; Dunstone, R.L.; Green, L.M. Temperature effects at three development stages on the yield of
the wheat ear. Aust. J. Agric. Res. 1977. [CrossRef]

125. Ritchie, J.T.; Singh, U.; Godwin, D.C.; Bowen, W.T. Cereal Growth, Development and Yield. 1998. Available
online: https://link.springer.com/chapter/10.1007/978-94-017-3624-4_5 (accessed on 27 November 2020).

126. Tuvdendorj, B.; Wu, B.; Zeng, H.; Batdelger, G.; Nanzad, L. Determination of appropriate remote sensing
indices for spring wheat yield estimation in Mongolia. Remote Sens. 2019, 11, 568. [CrossRef]

127. Li, X.; Troy, T.J. Changes in rainfed and irrigated crop yield response to climate in the western US. Environ. Res.
Lett. 2018. [CrossRef]

128. Bachmair, S.; Tanguy, M.; Hannaford, J.; Stahl, K. How well do meteorological indicators represent agricultural
and forest drought across Europe? Environ. Res. Lett. 2018, 13. [CrossRef]

129. Amri, R.; Zribi, M.; Lili-Chabaane, Z.; Wagner, W.; Hasenauer, S. Analysis of C-band scatterometer moisture
estimations derived over a semiarid region. IEEE Trans. Geosci. Remote Sens. 2012. [CrossRef]

130. Sawada, Y.; Koike, T.; Ikoma, E.; Kitsuregawa, M. Monitoring and Predicting Agricultural Droughts for a
Water-Limited Subcontinental Region by Integrating a Land Surface Model and Microwave Remote Sensing.
IEEE Trans. Geosci. Remote Sens. 2019. [CrossRef]

131. Sarto, M.V.M.; Sarto, J.R.W.; Rampim, L.; Bassegio, D.; da Costa, P.F.; Inagaki, A.M. Wheat phenology and
yield under drought: A review. Aust. J. Crop Sci. 2017. [CrossRef]

132. Mavromatis, T. Drought index evaluation for assessing future wheat production in Greece. Int. J. Climatol.
2007, 27, 911–924. [CrossRef]

http://dx.doi.org/10.1016/S0168-1923(98)00091-4
http://dx.doi.org/10.1029/2005JD006691
http://dx.doi.org/10.1051/agro:2001111
http://dx.doi.org/10.5194/gmd-6-563-2013
http://dx.doi.org/10.1175/1520-0442-16.9.1261
http://dx.doi.org/10.1109/Agro-Geoinformatics.2014.6910664
http://dx.doi.org/10.1016/j.rse.2006.08.002
http://dx.doi.org/10.3390/rs6032473
http://dx.doi.org/10.1038/srep44552
http://dx.doi.org/10.1029/2019WR025855
http://dx.doi.org/10.1080/01431160500034235
http://dx.doi.org/10.1029/2011GL046786
http://dx.doi.org/10.1017/S0021859600076085
http://dx.doi.org/10.1071/AR9770011
https://link.springer.com/chapter/10.1007/978-94-017-3624-4_5
http://dx.doi.org/10.3390/rs11212568
http://dx.doi.org/10.1088/1748-9326/aac4b1
http://dx.doi.org/10.1088/1748-9326/aaafda
http://dx.doi.org/10.1109/TGRS.2012.2186458
http://dx.doi.org/10.1109/TGRS.2019.2927342
http://dx.doi.org/10.21475/ajcs.17.11.08.pne351
http://dx.doi.org/10.1002/joc.1444


Remote Sens. 2020, 12, 4018 35 of 35

133. Wu, H.; Hubbard, K.G.; Wilhite, D.A. An agricultural drought risk-assessment model for corn and soybeans.
Int. J. Climatol. 2004, 24, 723–741. [CrossRef]

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1002/joc.1028
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Study Area 
	Data 
	ERA5 Data and the SPEI 
	Yield Data 
	Remote Sensing-Based Drought Indices 
	Land Data Assimilation System (LDAS) Outputs 

	Methods 
	Identification of Rainfed Cereal Areas 
	Identification of Major Phenological Stage 
	Correlation Analysis between Drought Indices and Rainfed Cereal Yield 


	Results 
	Satellite Drought Indices and Yield Time Series 
	Seasonal Scale 
	Monthly Scale 

	LDAS Outputs and Yields Time Series 
	Case Study: 2015/2016 

	Discussion 
	The Added Value of an LDAS 
	Phenological Stages Versus Monthly Scale 
	Alpha Value for the Computation of VHI 

	Conclusions 
	
	References

