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Abstract. Soil drying has multiple adverse impacts on the
environment, society, and economy. Thus, it is crucial to
monitor and characterise related drought events and to under-
stand how underlying geophysical trends may affect them.
Here, we compare the ability of long-term satellite observa-
tions and state-of-the-art reanalysis products to characterise
soil drying. We consider the European Space Agency Cli-
mate Change Initiative (ESA CCI) remote-sensing surface
soil moisture products (encompassing an ACTIVE, a PAS-
SIVE, and a COMBINED product) as well as surface and
root zone soil moisture from the ERAS, ERAS5-Land, and
MERRA-2 reanalysis products. In addition, we use a new
root zone soil moisture dataset derived from the ESA CCI
COMBINED product.

We analyse global surface and root zone soil moisture
trends in these products over the 2000-2022 period. Further-
more, we investigate the impact of the products’ trend repre-
sentation on their ability to capture major seasonal soil mois-
ture (or agroecological) drought events as a use case. The
latter is based on the analysis of 17 selected drought events
documented in the scientific literature; these events are char-
acterised by their severity (the time-accumulated standard-
ised soil moisture anomalies), magnitude (the minimum of
the standardised anomalies over time), duration, and spatial
extent.

The soil moisture trends are globally diverse and partly
contradictory between products. ERAS5, ERAS5-Land, and
ESA CCI COMBINED show larger fractions of drying
trends, whereas ESA CCI ACTIVE and MERRA-2 display
more widespread wetting trends. The differences between re-
analysis products are related to a positive mean bias in the

precipitation trends and regionally negative biases in surface
air temperature trends in MERRA-2 compared with ground
observational products, suggesting that this reanalysis under-
estimates drying trends. Given these biases in the MERRA-2
precipitation and temperature trends and considering avail-
able validation studies, the ESA CCI COMBINED-based
products and ERAS5-Land are considered more reliable and
are consecutively used for a synthesis of global surface and
root zone soil moisture trends. This synthesis suggests a con-
sistent tendency towards soil drying during the last 2 decades
in these products in 49.3 % of the surface and 44.5 % of the
root zone layers of the covered global land area. The respec-
tive fractions of wetting trends amount to 21.1 % and 20.6 %
for the surface and root zone, respectively, while areas with
no trend direction consensus amount to 29.6 % and 35.0 %,
respectively, reflecting the considerable uncertainties associ-
ated with global soil moisture trends. Geographically, drying
is localised to parts of Europe and the Mediterranean; the
Black Sea—Caspian Sea and Central Asian region; Siberia;
parts of the western USA and the Canadian Prairies; and
larger parts of South America, parts of southern and north-
ern Africa, and parts of northwestern Australia.

All investigated products mostly capture the considered
drought events. Overall, the events tend to be least pro-
nounced in the ACTIVE remote-sensing product across all
drought metrics, particularly with respect to the magnitudes.
Furthermore, MERRA-2 shows lower drought magnitudes
than the other products, in both the surface layer and the root
zone. The COMBINED remote-sensing products (surface
and root zone soil moisture dataset) display partly stronger
drought severities than the other products. In the root zone,
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the droughts are dampened with respect to the magnitude and
smaller with respect to the spatial extent than in the surface
layer, but they show a tendency toward prolonged durations
and stronger severities. The product differences in the mag-
nitude and severity of the drought events are consistent with
the differences in soil moisture trends, which demonstrates
that the representation of soil moisture trends plays a funda-
mental role in the drought-detection capacity of the different
products.

1 Introduction

Soil drying and related droughts have multiple impacts on
the environment, society, and economy, including substantial
impacts on agriculture, ecosystems, and the public water sup-
ply (Stahl et al., 2016; Seneviratne et al., 2021). Furthermore,
both can act as triggers for other natural hazards at the sub-
continental scale, including increased wildfire activity (Gud-
mundsson et al., 2014). Through feedback with the atmo-
sphere, the prevailing dry conditions may further enhance air
temperatures and trigger heat extremes (e.g. Miralles et al.,
2014; Hirschi et al., 2011; Mueller and Seneviratne, 2012).

Based on varying data products, regional soil moisture
drying trends have been reported for areas such as East Asia
(e.g. Jiaet al., 2018; Cheng et al., 2015), western and central
Europe (e.g. Trnka et al., 2015; Scherrer et al., 2022), and
the Mediterranean (e.g. Hanel et al., 2018; Moravec et al.,
2019). Moreover, global studies have documented soil mois-
ture drying during past decades for several regions (Dorigo
et al., 2012; Albergel et al., 2013; Gu et al., 2019; Preimes-
berger et al., 2021). However, the involved products show
considerable differences in the global patterns and magni-
tudes of the soil moisture drying. At the same time, important
drought metrics, such as the duration and magnitude, rely
on the robustness of the applied climatology (Lloyd-Hughes
and Saunders, 2002), as demonstrated by the relevance of the
baseline period as a design choice in drought studies (Cham-
pagne et al., 2019). Any inherent trend in the climatology
will result in a different distribution of the data, potentially
affecting the ranking of drought events or even their detec-
tion. However, the impact of soil drying and its uncertainty
on drought representation is under-studied.

The recent Intergovernmental Panel on Climate Change
(IPCC) Sixth Assessment Report (AR6) report assessed
three types of droughts (Seneviratne et al., 2021; Douville
et al., 2021): meteorological droughts based on precipita-
tion deficits, agricultural and ecological droughts — here
referred to as “agroecological droughts” (Zaitchik et al.,
2023) — related to deficits in soil moisture and other mea-
sures of changes in the land water balance, and hydrologi-
cal droughts related to streamflow deficits. The most impact-
relevant drought types are agroecological and hydrological
droughts. The primary driver of these droughts is a lack of
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precipitation (meteorological drought; see e.g. Seneviratne,
2012; Seneviratne et al., 2021; Liu et al., 2020). Increased
evapotranspiration due to enhanced radiation, wind speed,
or vapour pressure deficit (the latter of which is inherently
linked to temperature and relative humidity) can further in-
tensify the water shortage and lead to critical soil moisture
values (agroecological drought) inducing, for example, ad-
verse impacts on vegetation development (due to increased
water stress) and crop yield reduction/failure (e.g. Teuling et
al., 2013; Seneviratne et al., 2021; Bueechi et al., 2023). Fur-
thermore, preconditioning (pre-event soil moisture, surface,
snow and/or groundwater storage) can contribute to the emer-
gence of agroecological and hydrological droughts (Koster et
al., 2010). Under strong droughts, soil moisture can also be-
come limiting for evapotranspiration, thus reducing the evap-
orative cooling effect (e.g. Miralles et al., 2014; Seneviratne
et al., 2010). The IPCC ARG6 concluded that a number of re-
gions of the world are affected by increases in agroecological
droughts (Seneviratne et al., 2021), mostly due to increases
in evapotranspiration (Padron et al., 2020). Thus, monitoring
and characterising soil moisture droughts is crucial and will
only become more important with ongoing global warming.

As in situ observations of soil moisture are still scarce
and not continuously available in space and time over long
time periods (Dorigo et al., 2011, 2021a), reanalysis and
merged remote-sensing products provide an alternative to
global long-term time series with respect to investigating
drying trends and soil moisture droughts at supra-regional
scales. Here, we investigate the ability of the European Space
Agency Climate Change Initiative (ESA CCI) soil mois-
ture long-term remote-sensing dataset (encompassing multi-
sensor merged ACTIVE, PASSIVE, and COMBINED sur-
face soil moisture products as well as a new root zone soil
moisture product based on COMBINED) and selected state-
of-the-art reanalysis products (ERAS, the offline ERAS-
Land, and MERRA-2) to characterise soil drying. Soil mois-
ture trends in long-term satellite observations and differences
in these trends between measuring approaches are still under-
studied. Most of the available ESA CCI soil-moisture-based
trend analyses use the COMBINED product (e.g. Dorigo et
al., 2012; Albergel et al., 2013; Feng and Zhang, 2015; Gu
et al., 2019; Preimesberger et al., 2021), with many focusing
on regional trends only (e.g. Li et al., 2015; Rahmani et al.,
2016; Wang et al., 2016; Zheng et al., 2016; An et al., 2016;
Jia et al., 2018). Previous analyses have indicated that global
trend patterns in ESA CCI COMBINED soil moisture may
be subject to differences between product versions (Hirschi
et al., 2023), due to currently unknown reasons. Even though
the patterns have become more stable with the latest prod-
uct versions, potential sources of uncertainty include the dif-
ferent merging steps involved in the ESA CCI processing
chain, changes in the sensor composition between versions,
and inherent characteristics of the underlying ACTIVE and
PASSIVE products that translate into the COMBINED prod-
uct. Understanding where confidence in the remote-sensing-
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based soil moisture trends is justified (and where it is not)
is, thus, fundamental to the use of such products as climate
data records. The same applies to (land) reanalysis products,
which we use as a comparison. To attribute some of the prod-
uct differences, potential drivers of the global soil moisture
trends in the reanalyses are analysed by considering trends in
the relevant variables of the land water balance and surface
air temperature as well as corresponding trends in ground
observational data. Additionally, we look at bioclimatic indi-
cators and land-surface characteristics that potentially affect
the stability of the soil moisture retrieval and the reanalysis-
based soil moisture.

Focusing on agroecological drought as a use case, we fur-
ther systematically characterise documented major seasonal
drought events in the 2000-2022 period and analyse the im-
pact of the soil moisture trend representation of the products
on their ability to capture these events. The drought events
are selected based on the scientific literature and drought re-
ports, providing the temporal and spatial bounds for the anal-
ysis. Given the lack of widely available ground data on soil
moisture, we rely on well-documented drought events and
focus on the relative behaviour of the products within the
temporal and spatial bounds of the events. Thus, we do not
aim for an in situ validation of the products with respect to
their representation of the soil moisture trends and consid-
ered drought events; rather, we focus on the product ensem-
ble to identify the products with larger deviations from the
majority and collect a convergence of evidence. The con-
sidered products, in particular those from the Copernicus
Climate Change Service (C3S) Climate Data Store (CDS),
also offer new opportunities for monitoring ongoing droughts
and applications like drought index insurance (Vroege et al.,
2021), as they are available in near-real time.

2 Data
2.1 Remote-sensing and reanalysis soil moisture

Soil moisture is considered from both the near-surface soil
layer and the root zone. Despite the overall strong correla-
tion of surface soil moisture with deeper soil layers, evapo-
transpiration and vegetation processes might be more sensi-
tive to variations in the root zone soil moisture, in particu-
lar under very dry conditions (Hirschi et al., 2014). The sur-
face layer corresponds to roughly 0-5 cm depth (according to
GCOS, 2016) and covers the penetration depth of microwave
remote-sensing soil moisture products. Note that this upper-
soil-layer depth may slightly vary per product, depending on
the microwave sensing frequency or the land-surface model.
For the root zone, the 0-100 cm soil layer depth is consid-
ered. All data presented in the following (see Table 1 for
an overview) have been regridded to a common 0.5° x 0.5°
spatial resolution using first-order conservative remapping
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from the Climate Data Operators (CDO) software after the
retrieval.

2.1.1 ESA CCI soil moisture

The European Space Agency (ESA) Climate Change Initia-
tive (CCI) soil moisture (ESA CCI soil moisture, v08.1) pro-
vides satellite-retrieved surface soil moisture over the globe
from a large set of active and passive microwave sensors
(with soil penetration depths of ~ 2-5 cm). The dataset con-
tains the following sub-products: “ACTIVE”, “PASSIVE”,
and “COMBINED” (denoted using ESA-CCI-ACT, ESA-
CCI-PAS, and ESA-CCI-COM, respectively, in the follow-
ing). The ESA-CCI-ACT and ESA-CCI-PAS products were
created using scatterometer (active microwave sensing) and
radiometer (passive microwave sensing) soil moisture prod-
ucts, respectively. For ESA-CCI-COM, all active and pas-
sive single-sensor products are directly merged based on
the signal-to-noise ratio of the input datasets (Gruber et al.,
2019). Note that, in the merging process for ESA-CCI-COM,
the active and passive L2 products are scaled against sur-
face soil moisture from the GLDAS-Noah v2.1 land-surface
model (Rodell et al., 2004) from which the dynamic range
is inherited (Dorigo et al., 2017; Gruber et al., 2019). As
of v08.1, a break adjustment is implemented for ESA-CCI-
COM, which corrects for breaks in the mean and variance
(Preimesberger et al., 2021; Su et al., 2016).

Microwave retrievals are impossible under snow and ice
or when the soil is frozen, and complex topography, surface
water, and urban structures have negative impacts on the re-
trieval quality (Dorigo et al., 2017, 2015). In addition, dense
vegetation attenuates the microwave emission and backscat-
ter from the soil surface and may (partly) mask the soil mois-
ture signal. Altogether, these limitations result in spatial and
temporal data gaps in remote-sensing-based soil moisture es-
timates, with the main affected areas being the high latitudes
during winter and the tropical rainforests (due to very dense
vegetation).

The product is provided on a 0.25° x 0.25° spatial grid
and at a daily temporal resolution from November 1978 (for
ESA-CCI-PAS and ESA-CCI-COM) or from August 1991
(for ESA-CCI-ACT) until 2022. Data coverage is limited in
the early years of ESA-CCI-COM (and ESA-CCI-PAS), as
only a few passive sensors were available (e.g. Loew et al.,
2013). The inclusion of active sensors from July 1991 (Gru-
ber et al., 2019) and the availability of multiple passive and
active sensors after 2000 increased the spatiotemporal cover-
age (Hirschi et al., 2023). The ESA CCI soil moisture prod-
uct has been extensively validated (Dorigo et al., 2015; Beck
et al., 2021; Hirschi et al., 2023) and used in various research
applications (see Dorigo et al., 2017, for an overview).

In addition to these ESA CCI surface soil moisture
products, an ESA-CCI-COM-based root zone soil moisture
dataset is included in the analysis, which is derived by extrap-
olating surface soil moisture to deeper soil layers (hereafter
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Table 1. Product summary of the considered soil moisture products. The “horizontal grid spacing” column lists the resolution of the data
retrieved; if applicable, the native resolution of the dataset is listed in parentheses. Similarly, for the “temporal resolution” column, terms in
parentheses indicate the underlying temporal resolution when this differs from the retrieved resolution.

Dataset Institution ~ Type of product Time range Horizontal grid ~ Soil layer Variable Temporal Main reference
spacing depth name resolution

ESA-CCI- ESA Active and passive ~ Nov 1978 or 0.25° x 0.25° ~2-5cm sm Daily Gruber et al. (2019),

COM/-ACT/ microwave remote ~ Aug 1991 to Dorigo et al. (2017,

-PAS v08.1 sensing 2022 2023)

ESA-CCI- TU Wien  Exponential filter- 2000-2022 0.25° x 0.25° 0-100cm rzsm_lm Daily Pasik et al. (2023)

COM-RZSM based root zone

v08.1 soil moisture

ERAS ECMWF  Atmospheric 1940—present 0.25° x 0.25° 0-7cm, swvll, Hourly Hersbach et al. (2020)
reanalysis (~31km) 0-100cm swvll-3

ERA5-Land ECMWF Land-surface 1950—present 0.25° x 0.25° 0-7cm, swvll, Hourly Muiioz-Sabater et al.
reanalysis (~ 9km) 0-100 cm swvll-3 (2021)

MERRA-2 NASA Atmospheric 1980—present 0.625° x 0.5° 0-5cm, SFMC, Daily Bosilovich et al. (2015)
reanalysis 0-100cm RZMC (hourly)

referred to as ESA-CCI-COM-RZSM). The extrapolation is
based on an exponential filter (Wagner et al., 1999; Albergel
et al., 2008), which is applied to ESA-CCI-COM soil mois-
ture (v08.1) and uses optimal values for the temporal length
of the filter (T parameter) determined from a large number of
in situ time series (Pasik et al., 2023). The data represent the
root zone down to 1 m soil depth and will be released with
the ESA CCI soil moisture products as of v09.1.

2.1.2 ERAS

ERAS is the fifth-generation ECMWF reanalysis of global
climate and weather for the past decades (Hersbach et al.,
2020). Data are available from 1940 until the present and are
updated daily with a latency of about 5 d. ERAS is produced
using 4D-Var data assimilation in CY41R2 of ECMWF’s In-
tegrated Forecast System (IFS) and provides hourly data with
a spatial resolution of 31 km.

The land-surface scheme of ERAS, HTESSEL
(Hydrology-Tiled ECMWF Scheme for Surface Exchanges
over Land; Balsamo et al., 2009) distinguishes between
four different soil layers with the following layer depths:
layer 1 at 07 cm, layer 2 at 7-28 cm, layer 3 at 28—100 cm,
and layer 4 at 100-289 cm. Apart from the assimilation of
2 m temperature and relative humidity pseudo-observations
(e.g. De Rosnay et al., 2013), ERAS is the first ECMWF
reanalysis that includes remotely sensed observations in a
soil moisture analysis. Remote-sensing soil moisture from
scatterometers (ERS-1, ERS-2, MetOp-A, and MetOp-B
ASCAT) is assimilated in the land data assimilation from
1991 onward using a simplified extended Kalman filter
for the three soil moisture layers of the top 1 m of the soil
(Hersbach et al., 2020; De Rosnay et al., 2014).

On the one hand, we focus on layer 1 (0-7cm), i.e.
(near-)surface soil moisture to allow for comparison with the
ESA CCI remote-sensing soil moisture products (see above).
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On the other hand, average soil moisture from layers 1 to 3
(i.e. 0-100 cm; a layer-depth-weighted value) is considered
to be a representation of root zone soil moisture. The ERAS
data have been retrieved from the CDS on a regular latitude—
longitude grid with a 0.25° x 0.25° spatial resolution and an
hourly temporal resolution. We have further aggregated the
retrieved hourly data to daily means.

2.1.3 ERAS-Land

The land component of the ERAS5 reanalysis provides global,
hourly, high-resolution information on the water and en-
ergy cycles over land in a consistent representation (Mufioz-
Sabater et al., 2021). ERA5-Land is a single simulation based
on the HTESSEL land-surface model (Balsamo et al., 2009)
forced by ERAS near-surface atmospheric fields, with addi-
tional lapse-rate correction of temperature. Compared with
ERADS, near-surface quantities are available at higher spatial
resolution, and the soil parameters are more homogeneous
between ERAS5 production streams (Hersbach et al., 2020).
There is no feedback from the land-surface model to the
atmospheric parameters, and atmospheric observations only
influence the land-surface simulations indirectly through the
ERAS forcing. Unlike ERAS, ERA5-Land does not assim-
ilate remote-sensing soil moisture or other land variables.
ERAS5-Land is available from 1950 onwards and is updated
monthly with a latency of about 3 months. It provides hourly
data with a spatial resolution of 9km, thus allowing more
spatial detail compared with ERAS.

The representation of the soil compartments in ERAS-
Land is consistent with ERAS, as both products consider the
same HTESSEL land-surface model (see Sect. 2.1.2). Con-
sequently, as for ERAS, soil moisture from layer 1 (surface
soil moisture) and from layers 1 to 3 (root zone soil mois-
ture, as a layer-depth-weighted average value) are consid-
ered in the analyses. Evaluation against in situ observations
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and other reference datasets shows the added value of ERAS-
Land in the description of the hydrological cycle when com-
pared with ERAS, with enhanced soil moisture and lake rep-
resentation as well as a better agreement of river discharge
with observations (Muifioz-Sabater et al., 2021).

The ERAS5-Land data have been extracted from the CDS
on a regular latitude—longitude grid with a 0.25° x 0.25° spa-
tial resolution and hourly temporal resolution. We have fur-
ther aggregated the retrieved hourly data to daily means.

2.1.4 MERRA-2

The Modern-Era Retrospective Analysis for Research and
Applications, Version 2 (MERRA-2), is the latest atmo-
spheric reanalysis of the modern satellite era produced by
NASA’s Global Modeling and Assimilation Office (GMAO;
Gelaro et al., 2017). It was introduced to replace the orig-
inal MERRA dataset because of advances made in the as-
similation system that enabled the assimilation of modern
hyperspectral radiance and microwave observations, along
with GPS radio occultation datasets. Among the advances
in MERRA-2 are the assimilation of aerosol observations;
several improvements to the representation of the strato-
sphere, including ozone; and improved representations of
cryospheric processes. Other improvements in the quality of
MERRA-2 compared with MERRA include the reduction in
some spurious trends and breaks related to changes in the ob-
serving system and reduced biases and imbalances in aspects
of the water cycle. MERRA-2 provides data beginning in
1980, at a 0.625° x 0.5° spatial resolution and an hourly tem-
poral resolution. For an overview of the dataset, see Gelaro
et al. (2017).

The land-surface model used in MERRA-2 is the Catch-
ment Land Surface Model (CLSM; Koster et al., 2000). It
explicitly addresses sub-grid-scale soil moisture variability
and its effect on runoff and evaporation, using the basic com-
putational element of a hydrological catchment. The land hy-
drology of MERRA-2 has been assessed against GRACE ter-
restrial water storage data as well as against in situ soil mois-
ture data (Reichle et al., 2017a). MERRA-2 is produced us-
ing four separate streams, initialised in 1979, 1991, 2000,
and 2010. The first year of each stream is designated as spin-
up (Bosilovich et al., 2015). The land-surface restart files
for each MERRA-2 stream were themselves spun up for at
least 20 years, using the offline (land only) version of the
MERRA-2 land model forced with MERRA surface meteo-
rological fields (Reichle et al., 2017b). Despite this allowance
for a spin-up, it has been documented that discontinuities
remain in the high latitudes for root zone soil moisture (cf.
Fig. 13 of Reichle et al., 2017b).

The variables SEFMC (water surface layer, 0-5 cm depth)
and RZMC (water root zone, 0—100 cm depth) have been re-
trieved from the Goddard Earth Sciences Data and Informa-
tion Services Center (GES DISC) as daily aggregated data
(GMAQO, 2015).
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2.2 Other meteorological variables from reanalyses
and ground observations

Apart from soil moisture, the following variables are used
from the ERAS5, ERAS5-Land, and MERRA-2 reanalysis
products: total precipitation, evapotranspiration, runoff, and
surface air temperature. Note that ERAS and ERAS5-Land
share the same precipitation data, except for the higher spa-
tial resolution of the latter.

Observed global land-surface precipitation and air temper-
ature are taken from CRU TS (Climatic Research Unit grid-
ded Time Series, v4.07). The dataset is derived via the inter-
polation of monthly climate anomalies from extensive net-
works of weather station observations (Harris et al., 2020)
and is available at a 0.5° x 0.5° spatial resolution and monthly
temporal resolution, spanning the 1901-2022 period. The
choice of this monthly product is driven by the fact that daily
gridded observations for both temperature and precipitation
were not readily available up to 2022 at the time of the anal-
ysis.

2.3 Land-surface characteristics and bioclimatic
indicators

ESA CCI provides a set of ancillary datasets that were used
in the generation of the products (Dorigo et al., 2021b). The
ESA CCI soil porosity map has been used to convert ESA-
CCI-ACT from the original units of “percentage of satura-
tion” to volumetric soil moisture (in m>m~2), as provided
by the other considered products. The porosity map has been
derived according to Saxton and Rawls (20006), taking clay,
sand, silt, and organic matter of the Harmonized World Soil
Database as input.

To investigate the impacts of land-surface and bioclimatic
variables on the soil moisture trends in the various products
(see Sect. 5.3), the latter are compared globally to those cal-
culated using the maximum number of data available over
the 2000-2022 period for the vegetation optical depth (VOD;
Zotta et al., 2024); ERAS-derived aridity (2000-2018 only;
Wouters, 2021); and fractional cover values of urban area,
bare soil, and tree cover (C3S, 2019).

3 Methods
3.1 Trend estimation

The analysis of trends is based on the yearly averages of
the daily soil moisture data. For this, the daily soil moisture
of the reanalysis products is masked for frozen soil condi-
tions (based on the surface-layer soil temperatures of the re-
spective products), while ESA CCI soil moisture is already
masked for this (Dorigo et al., 2017). A mutual masking of
all products is then applied, yielding in a consistent cover-
age. Trends are derived using the Theil-Sen trend estima-
tor. The significance of the trends is determined with the
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Mann—-Kendall test with a false-rejection rate (or o value)
of 0.05, and non-significant trends are masked in the trend
maps when indicated. All trends are scaled to a denominator
of per 20 years ((20yr)~!) to enhance readability and inter-
pretability.

Apart from surface and root zone soil moisture, trends in
other relevant variables of the land water balance (i.e. total
precipitation, evapotranspiration, runoff) as well as in the
surface air temperature are also considered. For an easier
comparison to these variables, we focus on trends in abso-
lute soil moisture. These trends are based on yearly means
of monthly data (see Sect. 2.2). In addition, we also look at
trends in various land-surface characteristics and bioclimatic
indicators (see Sect. 2.3).

3.2 Drought event characterisation
3.2.1 Event definitions

Based on guidance from WMO (2023), extreme weather and
climate events can be described quantitatively by a combina-
tion of the following metrics and information:

— an index describing the anomaly from normal condi-
tions (based on observations),

— a threshold (above or below which conditions become
“extreme”),

— temporal information (records of the start date, end date,
and duration),

— spatial information (the geographic area affected).

Here, we focus on documented major drought events of
the past 2 decades, with regions and periods that are prede-
fined based on the scientific literature and drought reports.
From 2011 onward, in particular the Bulletin of the Amer-
ican Meteorological Society (BAMS) “Explaining Extreme
Events from a Climate Perspective” report series is consid-
ered for this purpose. These event definitions serve as spa-
tial and temporal bounds for the characterisation of the indi-
vidual drought events. An overview of the considered events
and their predefined event regions and event periods is given
in Table S1 in the Supplement. This analysis extends on the
extreme event catalogue and event metrics developed within
the C3S_511 Quality Assessment of ECV Products (Crezee
et al., 2019; Yang et al., 2022).

3.2.2 Index and drought metrics’ calculation

The soil moisture products considered here are given as a
volumetric moisture content (i.e. in units of m3 m=3), except
for ESA-CCI-ACT which is originally provided as percent
of saturation and converted to the volumetric moisture con-
tent using the ESA CCI soil porosity map (see above). How-
ever, care needs to be taken when comparing absolute soil
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moisture from different sources, as the absolute values are
known to be dependent on underlying assumptions of the
land-surface models and related soil property datasets (e.g.
differing soil depths and soil properties, like porosity) as well
as on varying penetration depths of the remote-sensing prod-
ucts. We apply a standardisation (z-transformation) to re-
move differences in absolute levels and variability in the soil
moisture values between the products, as well as between lo-
cations, and focus on the temporal anomalies (see e.g. Koster
et al., 2009; Orlowsky and Seneviratne, 2013).

These unitless standardised soil moisture anomalies
(SMAs; e.g. Orlowsky and Seneviratne, 2013) are based on
daily input data and are calculated per individual grid point
with respect to the climatology of the 2000-2022 reference
period:

SMy, ¢ — i

SMA.a = =~

ey
In Eq. (1), SM, 4 denotes soil moisture at any year y and
day d, while 4 and o4 denote the respective climatological
mean and interannual standard deviation of soil moisture of
day d calculated over the reference period. To enhance the
sample size, calculation of puy; and oy for each day of the
year is based on the days in an 11 d window around d, i.e. by
applying an 11d moving average to the original soil mois-
ture time series. Note that a reference period identical to the
analysis period is chosen in order to (1) keep the calcula-
tion of the standardised anomalies independent of temporal
fluctuations in the original time series prior to that and (2)
avoid reduced data coverage in the remote-sensing products
in earlier periods (e.g. Hirschi et al., 2023). A 3 d running
mean is applied in addition on the resulting daily standard-
ised anomalies with the purpose of filling daily gaps in the
remote-sensing products.

For the definition of a drought, a threshold standardised
anomaly value of —1.5 is chosen, and any value below this
is considered to be an abnormal dry state (i.e. SMA, 4 <
—1.5). This threshold is inspired by the Standardised Precip-
itation Index (SPI)-based categorisation of droughts, where
values below —1.5 represent severe to extreme drought (Mc-
Kee et al., 1993).

Four different metrics are defined to characterise each
drought event within the predefined event region and event
period (see Table S1). The magnitude of the event is the min-
imum standardised anomaly over time. The duration of the
event is the total number of days (not necessarily consecu-
tive) during the event for which the standardised anomaly is
below the threshold value of —1.5. The severity is defined as
the time-accumulated standardised anomalies over the days
(i.e. consecutive and non-consecutive) for which the stan-
dardised anomaly is below the threshold value. These metrics
are all calculated at the grid point scale. In addition, the tem-
porally varying spatial extent of the event is defined as the
area in which the standardised anomaly is below the thresh-
old of —1.5.
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Note that the application of the 3 d running mean smooth-
ing of the standardised anomalies helps to fill temporal gaps
in the remote-sensing products whilst also allowing the prod-
ucts to remain as close as possible to the original data. For
the remote-sensing products, a larger smoothing window size
(i.e. 5 d window) mainly impacts the calculation of the mag-
nitude, while the duration and severity only slightly change.
Furthermore, sensitivity tests showed that there is not much
impact of varying smoothing windows on the results for the
reanalysis products (not shown).

As the severity captures both the duration and the ampli-
tude of the event, it is suitable for defining the most affected
core of the event region as represented by the products. This
core region is defined as all grid points for which the severity
is larger than the median of all non-zero-severity grid points
of the event and is used to spatially aggregate the drought
metrics for summarising the events.

4 Results
4.1 Trends in soil moisture

Among the remote-sensing products, ESA-CCI-COM and
its root zone estimate ESA-CCI-COM-RZSM show more
widespread significant soil moisture drying trends, in partic-
ular in Siberia, the Black Sea—Caspian Sea region, southern
Africa, and parts of South America and Australia (Fig. 1d-
f, j; see also Fig. 2). In contrast, ESA-CCI-ACT and, to
a lesser extent, ESA-CCI-PAS display larger fractions and
more pronounced wetting trends. Partly consistent drying
trends in the ESA CCI products (considering the trend di-
rection; see Fig. Sla in the Supplement) can be observed in
small parts of Siberia, the Caspian Sea region, parts of cen-
tral Europe, southern South America, and northern Australia,
whereas consistent wetting trends can mainly be observed
in Asia, North America, northwest Brazil, and southeastern
Australia. Overall, the agreement in the trend direction is
limited among the ESA CCI products.

The ERA5 and ERAS5-Land reanalysis products show
mostly significant drying trends, particularly for surface soil
moisture (Fig. 1a, b, g, h; Fig. 2). Strong and widespread
drying can be observed in the northern middle to high lat-
itudes, South America, and Central Africa; in addition to
these regions, strong and widespread drying for the root
zone can also be noted in southern Africa and parts of
Australia. MERRA-2, in contrast, displays widespread sig-
nificant wetting trends in both surface and root zone soil
moisture, except for South America, Australia, and parts of
Siberia and Europe (Fig. 1c, i). For the latter, consistent
drying trends are observable in all reanalysis products (see
also Fig. S1b). Consistent wetting trends in the reanalyses
(Fig. S1b) can be observed in East Asia and India, parts of
Central Africa and North America, and in southeastern Aus-
tralia, but these appear less widespread in ERAS and ERAS-
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Land compared with MERRA-2. Significant drying trends
in ESA-CCI-COM and ESA-CCI-COM-RZSM mostly agree
with ERAS and ERAS-Land, while wetting trends in Asia
tend to agree more with MERRA-2.

Of all of the products, ERA5-Land, ERAS, and ESA-
CCI-COM, show largest area fractions of surface soil mois-
ture drying trends (65.2 %, 65.2 %, and 59.1 %, respectively;
trends not masked according to significance), while ESA-
CCI-ACT and MERRA-2 show the largest fractions of wet-
ting trends (63.8 % and 59.0 %, respectively; Fig. 2a, Ta-
ble S2). Similarly, the largest area fractions of root zone soil
moisture drying trends are present in ERAS, ERAS5-Land,
and ESA-CCI-COM-RZSM (58.7 %, 57.8 %, and 58.3 %, re-
spectively), while the largest fractions of wetting trends are
found in MERRA-2 (62.1 %). Nevertheless, some regions
with largely consistent drying trends in all products (con-
sidering the trend direction; see also Fig. Slc) are appar-
ent in parts of Europe, the region northeast of the Caspian
Sea, southern Africa, northeastern Australia, and in parts of
Siberia and South America.

Not only do the area fractions of the trend directions di-
verge between the products but their trend magnitudes also
differ (Fig. 2b). ESA-CCI-ACT and MERRA-2 show pos-
itive global means of the trends, whereas all other prod-
ucts show negative global means. The mean trend mag-
nitudes in the wetting areas are largest for surface soil
moisture of ESA-CCI-ACT and ESA-CCI-PAS as well as
for MERRA-2 (0.03-0.04 m3> m—3 (20yr)~!; Table S2). Both
ESA-CCI-ACT and ESA-CCI-PAS also show the largest
drying-trend magnitudes (around —0.035 m*m—3 (20yr)~1).
The mean drying-trend magnitude is somewhat lower but
largely consistent between the reanalysis products (around
—0.03m*m=3 (20 yr)’l) for both the surface and root zone
soil moisture. The overall lowest trend magnitudes in both di-
rections can be observed for ESA-CCI-COM and ESA-CCI-
COM-RZSM (less than 0.02m?>m=3 (20yr)~1).

4.2 Drivers of soil moisture trends in the reanalysis
products

To shed light on possible reasons for the observed differ-
ences in soil moisture trends between ERAS/ERAS-Land
and MERRA-2, Fig. 3 displays the Theil-Sen trend esti-
mates for yearly means of monthly precipitation, runoff,
evapotranspiration, and 2 m temperature (in addition to the
trends in root zone soil moisture) for these products as well
as for two gridded station-based datasets of precipitation and
temperature (both CRU). The patterns in precipitation trends
(Fig. 3a, b) of ERAS5 and MERRA-2 show positive values
in parts of East Asia and India, the western USA, parts
of east Africa, northern South America, and southeastern
Australia. Negative trends in both products are present in
large parts of South America and in northwestern Australia.
However, precipitation trends disagree in Central Africa
(negative trends in ERAS5 but positive trends in MERRA-
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(a) ERAS surface (b) ERA5-Land surface (c) MERRA-2 surface
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Figure 1. Theil-Sen trend estimate (in m3 m=3 (20 yr)_l) for yearly mean soil moisture (based on daily data mutually masked for ESA CCI
data availability and non-frozen soil conditions of the reanalysis products) in the (a—f) surface and (g—j) root zone layers for the 2000-2022

period. A Mann—Kendall test with a false-rejection rate (or « value) of 0.05 was performed to mask out regions in which no significant trend
was present.
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Figure 2. (a) Area fractions (in %) of wetting and drying trends within each product. (b) Global mean trends and the respective mean wetting
and drying trends (in m3m~3 (20 yr)_1 ) within each product. Trends are not masked according to significance but, rather, for common spatial

coverage of the datasets. The values for the best-estimate products (see Sect. 5.1) are based on the areas with trend direction consensus. Note
that the respective numbers that are referred to in the text can be found in Table S2.
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(a) ERAS precip.
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(b) MERRA-2 precip.

(c) CRU precip.
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Figure 3. Theil-Sen trend estimate (2000-2022 period) for yearly means of monthly precipitation (a—c), runoff (d—f), evapotranspiration
(g—1), root zone soil moisture (j-1), and surface air temperature (m—p) from the reanalysis products as well as two gridded station-based
datasets for precipitation and temperature. Values are in millimetres per day per 20 years (mm d=1 0 yr)_l) for the respective fluxes, cubic
metres per cubic metre per 20 years (m3m~=3 (20 yr)fl) for soil moisture, and kelvin per 20 years (K (20 yr)fl) for temperature. Regions
with non-significant trends are not masked out in order to enable easier comparison with the trends in soil moisture. Note that ERAS-Land is
forced by ERAS precipitation; thus, precipitation is not shown for ERAS-Land.

2) as well as Southeast Asia (more widespread positive
trends in MERRA-2). In addition, the positive trends in
MERRA-2 precipitation are often more pronounced and
widespread compared with ERAS5. While the pattern cor-
relations with the observed precipitation trends (Fig. 3c)
are similar for ERAS and MERRA-2 (0.33 for ERAS
and 0.34 for MERRA-2), MERRA-2 precipitation trends
display a positive mean bias (0.171mmd~!(20yr)~")
and a larger root-mean-square deviation (RMSD)
(0.847mmd~! (20yr)~") compared with ERA5, which
has a slight negative bias (—0.004mmd~!(20yr)~!) and
a lower RMSD (0.492mmd~! (20yr)~!; see Table S3).
This results in larger differences between the reanalyses
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for trends in runoff and, particularly, evapotranspiration
(Fig. 3d-i). In large parts of Asia, Africa, and North Amer-
ica, trends in evapotranspiration are strongly and widely
positive in MERRA-2, whereas ERAS5 and ERAS5-Land
show more mixed or negative trends in these regions. These
differences in evapotranspiration trends are reflected in the
described differences in the soil moisture trends (Fig. 3j-1;
see Sect. 4.1). Figure S2 also shows the trends in the yearly
means of the cumulated monthly terrestrial water balance
(i.e. precipitation minus evapotranspiration minus runoff,
cumulated on an annual basis). These trends in the annual
terrestrial water balance (or terrestrial water storage) show
a relation to the trends seen in soil moisture as well as
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some differences. ERA5 and ERAS5-Land particularly show
more widespread wetting with respect to the terrestrial water
storage compared with soil moisture, while MERRA-2
shows more widespread drying. These differences are due
to components other than root zone soil moisture (i.e.
deeper-layer soil moisture and groundwater, snow, ice, and
biomass water) that contribute to terrestrial water storage and
its trends.

The regional product differences in evapotranspiration and
soil moisture trends also show a link to regional differences
in 2 m temperature trends (Fig. 3m—o). In the mentioned re-
gions, the temperature trends for MERRA-2 are (more) neg-
ative, whereas ERAS and ERA5-Land show positive or only
weak negative temperature trends. As for the precipitation
trends, the temperature trends based on gridded observa-
tions (Fig. 3p) in fact agree better with ERAS and ERAS-
Land, while MERRA-2 overestimates the negative trends
in Asia, Africa, and North America compared with the ob-
servations, resulting in a larger RMSD of 0.613K (20yr)~!
for MERRA-2 compared with 0.536 K (20yr)~! for ERAS
and 0.511 K(20yr)_1 for ERAS5-Land (Table S3). Corre-
sponding pattern correlations with the observed temper-
ature trends amount to 0.65 for MERRA-2 and ERAS
and to 0.7 for ERAS-Land, with a negative mean bias of
—0.219K (20yr)~! for MERRA-2 compared with a pos-
itive bias for ERAS5S (ERAS5-Land) of 0.221 K (20 yr)_l
(0.238 K (20yr)~1).

Overall, the lower biases in ERAS5 precipitation trends and
the stronger constraint with observed regional temperature
trends result in more widespread soil drying and evapotran-
spiration decreases in both ERAS5 and ERAS-Land. In con-
trast, the overly positive trends in precipitation in MERRA-2
translate into enhanced soil moisture and evapotranspiration
as well as a resulting stronger regional cooling, which is less
in line with the observed temperature trends.

4.3 The 2022 drought in Europe

In the following, we investigate the products’ ability to cap-
ture major agroecological drought events as a use case. De-
tailed results are presented for the 2022 drought in western
central Europe (Schumacher et al., 2022, 2024) as an exam-
ple. This is followed by the characterisation of multiple re-
cent major drought events worldwide considering all prod-
ucts (Sect. 4.4) and the product intercomparison based on
these events (Sect. 4.5).

The severity of the 2022 drought event appears to be high-
est in central and western Europe, with the highest values
based on surface soil moisture in Germany, Switzerland,
France, Italy, and parts of eastern Europe (Fig. 4a—f). This
core of the event region (see Sect. 3.2.2) is captured by all
products, but the region appears less coherent in the ESA-
CCI-ACT (and partly ESA-CCI-PAS) remote-sensing prod-
uct. Due to the strong correlation of surface soil moisture
with deeper soil layers (e.g. Hirschi et al., 2014), the loca-
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tion of the event in the root zone is very similar compared to
the surface layer (Fig. 4g—j). However, the core region is less
coherent and widespread in the root zone (see the horizontal
line segments of Fig. 7b, which indicate the spatial extent of
the core region).

For surface-layer soil moisture, the event appears most se-
vere in MERRA-2 (although within a smaller extent of the
core region than the other reanalyses), followed by ERAS-
Land, ESA-CCI-COM, and ERAS (Fig. 4; see also Table S4
for an overview of all drought metrics for the 2022 event
in Europe). ESA-CCI-ACT shows weaker severities for this
event. The magnitude of the 2022 European drought based
on ESA-CCI-COM and ESA-CCI-PAS is comparable to the
reanalysis products over large parts of the area, with values of
—3 and below in parts of the core region of the event (Fig. 5).
ESA-CCI-ACT shows weaker magnitudes. The event shows
the longest durations in MERRA-2, with over 90 d in parts of
the core region and over 50 d on average over this same area
(Fig. 6). ERAS, ERAS-Land, ESA-CCI-COM, and ESA-
CCI-PAS display average durations of around 30 d, whereas
ESA-CCI-ACT results in the shortest duration of 18 d.

In the root zone of ERAS5-Land and, particularly, ERAS
and ESA-CCI-COM-RZSM, the 2022 European drought ap-
pears more severe compared with the surface layer (Fig. 4;
see also Table S4), mostly due to longer durations (Fig. 6),
while the magnitudes are weaker (Fig. 5). MERRA-2 shows
a similarly reduced drought magnitude in the root zone to
ERAS and ERAS-Land; however, in contrast, the duration
is similar to that in the surface layer (where it is already
substantially longer than in ERAS and ERAS5-Land). To-
gether with partly weaker negative anomalies (see Fig. 7a),
the severity in the root zone of MERRA-2 is therefore re-
duced compared with the surface layer.

The temporal evolution of the standardised surface soil
moisture anomalies averaged over the core of the event re-
gion shows the two strongest phases of the event in the sec-
ond half of July and first half of August 2022 (Fig. 7a),
respectively, with average standardised anomalies based on
the reanalysis products reaching —1.5. Anomalies are most
pronounced (i.e. close to —2) and prolonged for MERRA-
2 compared with the other products. ERAS and ERAS-
Land show weaker negative anomalies and a quicker return
to normal conditions. Among the remote-sensing products,
ESA-CCI-COM and ESA-CCI-PAS show the most negative
anomalies, although with a minimum in the second half of
July. Over the whole period, ESA-CCI-ACT shows the over-
all weakest standardised anomalies, which are, on average,
only briefly below normal conditions.

Root zone soil moisture anomalies from the reanalysis
products display less temporal variation, with longer-lasting
minimum values in July and August (dashed lines in Fig. 7a).
In the root zone, the dryer-than-normal conditions persist
during late summer and early autumn, with standardised
anomaly values still below —1. The strongest and most
prolonged root zone soil moisture anomalies are displayed
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(a) ERAGS surface (-66.2)

e

g) ERAS root zone (-126.4)

(b) ERA5-Land surface (-67.6)

(c) MERRA-2 surface (-103.3)

(i) MERRA-2
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Figure 4. Severity of the 2022 European drought event (in units of standard deviation) based on the time-accumulated soil moisture anomalies
in the (a—f) surface and (g—j) root zone layers. The core of the event region is stippled, and the area mean of the severity over the respective

core of the event region is denoted in parentheses.

by ERAS5 and ESA-CCI-COM-RZSM, whereas ERAS-Land
and MERRA-2 show weaker negative anomalies.

The temporal evolution of the spatial extent of the drought
(i.e. the area of standardised soil moisture anomalies below
—1.5 within the core of the event region) shows the highest
values during July, reaching over 1.3 x 10%km? for surface
soil moisture for ESA-CCI-COM (Fig. 7b, Table S4), fol-
lowed by 1.2 x 10®km? for MERRA-2 and ESA-CCI-PAS.
The maximum spatial extent of the event in the root zone is
clearly lower compared with the respective surface layer in
ERAS5-Land, MERRA-2, and ESA-CCI-COM-RZSM, while
it is less reduced in ERAS. Correspondingly, ERAS shows
the largest spatial extent of the drought in the root zone, with
a maximum of 1.09 x 10° km?, followed by ESA-CCI-COM-
RZSM, with a maximum of 0.90 x 10% km? (Table S4).

4.4 Recent major drought events

An overview of the characteristics of major drought events
in the 2000-2022 period as represented in the various prod-
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ucts is given in Fig. 8a (based on surface and root zone soil
moisture).

The 2011-2012 Iberian Peninsula drought and the 2011
Texas and 2012 Great Plains droughts appear to be the most
severe and longest in most of the products with respect
to both the surface and root zone layers. The East Africa
drought of 2015 shows the strongest magnitudes overall
(except in MERRA-2), followed by the 2011-2012 Iberian
Peninsula drought. The spatial extents of the droughts reach
the highest values for the 2020 European and the 2015-2016
South African droughts, although with large differences be-
tween the products. In the root zone, the drought events ap-
pear weaker in terms of their magnitude but are often pro-
longed and partly more severe.

As for the 2022 European drought event, ESA-CCI-ACT
often displays weaker droughts according to all metrics com-
pared with the ESA-CCI-COM and the ERAS and ERAS-
Land products. This is also visible in Fig. 8b, which dis-
plays the respective product deviations in the drought met-
rics with respect to the product median of each event as a
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(a) ERAGS surface (-2.6)

(b) ERA5-Land surface (-2.7)

(c) MERRA-2 surface (-2.7)

(f) ESA-CCI-PAS (-2.6)
: =_rgld

Figure 5. Magnitude of the 2022 European drought event (in units of standard deviation) based on the temporal minimum of the standardised
soil moisture anomalies in the (a—f) surface and (g—j) root zone layers. The core of the event region is stippled, and the area mean of the
magnitude over the respective core of the event region is denoted in parentheses.

baseline. The weaker drought representation of ESA-CCI-
ACT is particularly pronounced for events in Europe and is
evident in all metrics (+17 for severity, +0.2 for magnitude,
—6d for duration, and —129 000 km? for spatial extent on av-
erage over all events). Moreover, MERRA-2 shows weaker
droughts in the root zone compared with the other prod-
ucts, which is most evident for events in North America and
Africa (433 for severity, +0.25 for magnitude, —14 d for du-
ration, and —105000 km? for spatial extent on average over
all events). In the surface layer, the MERRA-2 deviations are
more mixed, with a weaker representation of the 2015 East
African drought but a stronger representation (particularly in
terms of duration and severity) of the 2011 Texas and 2011—
2012 Iberian Peninsula droughts. For other events, the dura-
tions also tend to be prolonged and the corresponding sever-
ities tend to be higher in MERRA-2 surface soil moisture,
while the magnitudes are partly weaker and spatial extents
are smaller.

Compared with the reanalysis products, ESA-CCI-COM-
RZSM shows partly stronger drought severities and cor-
responding longer event durations (e.g. the 2011-2012
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Iberian Peninsula, 20152016 South African, and 2011
Texan events) as well as often stronger magnitudes. Further-
more, the spatial extents of the droughts appear larger in
ESA-CCI-COM-RZSM in some cases (e.g. the 2007 south-
eastern Europe, 2015-2016 South African, and 2012 Great
Plains events).

4.5 Product intercomparison

The overall product behaviour during the analysed drought
events is summarised in Fig. 9. In line with the results of
the previous sections, the dampened drought magnitudes
and smaller spatial extents in the root zone compared with
the surface layer are again visible in the respective prod-
ucts. Moreover, a tendency toward prolonged durations and
stronger severities of the droughts in the root zone is ob-
servable (except for MERRA-2, which already shows partly
longer durations in the surface layer compared with the
other products). ESA-CCI-COM-RZSM displays a partly
stronger representation of the drought severities and, partic-
ularly, magnitudes compared with the reanalysis products,
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(a) ERAS surface (33)

(b) ERA5-Land surface (33)

(c) MERRA-2 surface (52)

Figure 6. Duration of the 2022 European drought event (in days) based on the number of days within the event period with standardised soil
moisture anomalies below —1.5 in the (a—f) surface and (g—j) root zone layers. The core of the event region is stippled, and the area mean of
the duration over the respective core of the event region is denoted in parentheses.

whereas MERRA-2 shows weaker drought magnitudes and
partly shorter durations and lower severities.

For surface soil moisture, the ESA-CCI-ACT and, to a
lesser extent, the ESA-CCI-PAS products tend to show partly
weaker drought signals in all presented metrics compared
with ESA-CCI-COM, ERAS5, and ERA5-Land. This is most
pronounced for the drought magnitudes of ESA-CCI-ACT.
Similarly to the results for the root zone, ESA-CCI-COM
displays partly stronger drought severities (see ESA-CCI-
COM-RZSM) and longer durations. As for the root zone,
MERRA-2 displays weaker drought magnitudes compared
with the other products, while particularly shorter droughts
appear partly prolonged (and more severe) in its surface layer
(see the 2022 European drought above and the corresponding
Figs. 4-6, Table S4, and Fig. 8 for all events).

The spatial extents of the droughts based on surface soil
moisture tend to be larger for ESA-CCI-COM, ERAS, and
ERA-Land, particularly for larger droughts. In the root zone,
the spatial extents of larger droughts tend to be smaller.
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Appendix A provides an intercomparison of the products
based on their spatial drought metric patterns. Figure Al
shows the pairwise pattern correlations and RMSDs of sever-
ity, magnitude, and duration (see Figs. 4—6 for the 2022 Eu-
ropean drought) as represented by the products. The Pear-
son correlations between the patterns of the products are
positive and significant for all metrics overall, showing the
general product agreement with respect to the location and
spatial variation in the considered droughts. The correla-
tions between products are similar for severity and duration
(which are related by design; see Sect. 3.2.2), but they tend
to be lower for the drought magnitude. As expected, related
products (i.e. ERAS and ERAS5-Land or ESA-CCI-COM and
ESA-CCI-COM-RZSM) as well as the surface and corre-
sponding root zone soil moisture products show the closest
agreement, with correlations of 0.6 for severity and duration
(and 0.5 for magnitude). Similarly, correlations between the
satellite products also amount to 0.6 for severity and dura-
tion but tend to be lower for magnitude. The patterns in the
RMSD values are less distinct, but ERAS5, ERA5-Land, and

Hydrol. Earth Syst. Sci., 29, 397-425, 2025



410 M. Hirschi et al.: Characterising soil drying with satellite observations and reanalysis products

(a)
@ | —— ESA-CCI-ACT —— ESA-CCI-PAS —— ERA5-Land — surface
= T —— ESA-CCI-COM —— ERAS5 MERRA-2 7
o 9 |
QL o
©
g 9
o o
C
©
5 _
Q
3 9
s 77
2
_‘g -
w
o
(\j —
! T T T T T
Jun Jul Aug Sep Oct
8
(b) 3 -
S [  —— ESA-CCI-ACT —— ESA-CCI-PAS —— ERA5-Land — surface
N — —— ESA-CCI-COM —— ERA5 MERRA-2 ---- root zone
£ s
5 8
3
o
o
*
[0
=
o

Figure 7. (a) Average of the standardised surface (solid lines) and root zone (dashed lines) soil moisture anomalies within the respective cores
of the event regions (see stippled regions in Figs. 4-6) during the 2022 European drought event period. (b) Spatial extent of the standardised
surface (solid lines) and root zone (dashed lines) soil moisture anomalies below —1.5 within the core of the event region during the 2022
European drought event. Line segments at the left border of the figure indicate the extent of the core region for each dataset (i.e. corresponding
to the extents of the stippled areas in Figs. 4-6 where the severity is larger than the median of all non-zero-severity grid points).

surface root zone surface root zone
(a) w-canagazots (b) wcanagazots
GreatPlains 2012 140 220406 GreatPlains 2012 60 16406
130 Texas 2
Texas 2011 26406  Texas201t 50 800000
S-Africa 2015-2016 120 S-Africa 2015-2016 40
e Avics 2015 o0 1.86+06 E-Alrica 2015 S<<S< de 5 600000
HornofAfrica 2013-2014 na [ na | 100 e 16es0p  HomofAfrica2013-2014 NANA Ll 20 ©f 400000
2014
MiddleEast 2014 r 90 X X
) 1.4e+06 W-Russia 2010 M 200000
W-Russia 2010 al 8o t < <> a t
1.2e+06 Europe 2022 =0 — 0
Europe 2022 t| 7o € Europe 2020 t €
L1 .
Europe 2020 ikl e0 nf tes0s Curope 2018 < i 0 200000
Europe 2018 Of 50 i 8ooooo S-Europe 2017 0% i 400000
S-Europe 2017 -30
ni= 40 600000 Europe 2015 n -600000
Europe 2015 30 Europe 2013 -40
Europe 2013 20 400000 erianpen. 2011-2012 50 -800000
IberianPen. 2011-2012 10 200000 SE-Europe 2007 -60 -1e+06
SE-Europe 2007 Europe 2003
El 2
urope 2003 [days] [km?] average [days] [km?]
A N ) 3 3 2 ¢ 3 S q A Ny Y? O 03 S S 9
S DS W 'S . E; S .
o"\lY C:\‘oo o"\g & q&"w & vé%?é d}&jb @qu oc’\} 0\'00 o"\32 d q?v"\? @&:o%:;“ & "'f ‘3& dian deviati
& O £ W 3 s s 5 \a
&S & & & & @%‘*9 & & X & & median deviations
magnitude magnitude magnitude magnitude
500 I A s ® T [ [ [ 1] 5 ©
4 36 32 -28 24 2 = 3 45 -1 05 0 05 1 15 = z
. = . =
severity 3 2 severity 3 B
o severity I [ [ 1) severity
300 -260 -220 -180 -140 -100 -60  -20 120 -80 -40 0 40 80 120

Figure 8. (a) Drought metrics of recent major drought events. The values are based on surface soil moisture and root zone soil moisture
(products denoted with *) and represent the area mean over the respective core of the event region in the case of the severity, magnitude,
and duration or the temporal maximum in the case of the spatial extent. (b) Product deviations in these drought metrics with respect to the
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Figure 9. Product intercomparison based on the drought metrics of (a) severity, (b) magnitude, (c) duration, and (d) spatial extent. The
box-and-whisker plots represent the distributions of the drought metrics for the 17 drought events analysed.

ESA-CCI-COM show comparably lower values for severity
and duration, whereas ESA-CCI-COM-RZSM and MERRA -
2 tend to show the largest values.

5 Discussion
5.1 Synthesis of soil moisture trends

Section 4.2 has shown that ERAS and ERAS5-Land appear to
be more consistent with observed precipitation and temper-
ature trends. The resulting more widespread soil drying and
evapotranspiration decreases can thus be assumed to be more
realistic in these products than in MERRA-2. In contrast to
ERAS, MERRA-2 does not benefit from an analysis of syn-
optic surface air temperature observations (Simmons et al.,
2017); thus, the latter product is less constrained by ground
observations. This could explain the identified regional neg-
ative biases in the 2 m temperature trends in MERRA-2 com-
pared with ERAS. The latter includes an assimilation of
these ground-based surface air temperature measurements,
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from which ERAS5-Land also indirectly benefits. In addition,
the assimilation of 2m temperature and relative humidity
pseudo-observations in the soil moisture analysis of ERAS
tends to have an important impact on root zone soil moisture
and the latent and sensible heat fluxes (Fairbairn et al., 2019),
which could contribute to the higher sensitivity of ERAS to
drought events.

Apart from the impact of differences in the forcing and in
the data assimilation strategies on the observed soil mois-
ture trends in the reanalyses, differing land-surface model
parameterisations may further contribute to product-specific
drought representation and trends in the reanalyses. In par-
ticular, MERRA-2 has been shown to exhibit a prolonged
surface soil moisture memory (cf. Fig. 6 in Dirmeyer et
al., 2016), which contributes to the observed partly pro-
longed durations (and stronger severities) of shorter droughts
in the surface layer of this product. Furthermore, He et
al. (2023) reported that, in water-limited evapotranspira-
tion regimes, MERRA-2 shows a larger overestimation of
soil moisture memory times compared with estimates from
SMAP, while the bias in ERAS5 is lower. It is noted that
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soil moisture thresholds (i.e. wilting point and critical point;
see e.g. Seneviratne et al., 2010) in the land-surface model
parameterisations contribute to the observed differences in
the soil moisture memory times. Comparing these soil mois-
ture thresholds between ERAS (based on HTESSEL) and
MERRA-2 (based on the CLSM) reveals that both the wilt-
ing point and, particularly, the critical point tend to be higher
for ERAS than for MERRA-2 (cf. Fig. 14 in Schwingshackl
et al., 2017). This may translate into the observed stronger
drought representation of ERAS, as it more quickly enters a
soil-moisture-limited evapotranspiration regime during dry-
downs.

ERAS, ERA5-Land, and MERRA-2 soil moisture have
been jointly evaluated with other reanalyses against in situ
observations from various networks (Li et al., 2020; Beck et
al., 2021; Zheng et al., 2024). At the network scale, ERAS
showed higher consistency with observed soil moisture com-
pared with MERRA-2 based on temporal correlation coef-
ficients and standard deviations, as well as when consider-
ing the correlations of the seasonal-trend-decomposed time
series (Li et al., 2020). Furthermore, ERAS5-Land soil mois-
ture shows a consistent improvement compared with ERAS
based on a large set of in situ observations (Beck et al.,
2021; Mufioz-Sabater et al., 2021). The improvement is more
marked for root zone soil moisture than for surface soil
moisture. Furthermore, compared with cosmic-ray neutron-
sensing observations, ERA5-Land outperforms MERRA-2
(Zheng et al., 2024). Within the remote-sensing products,
available validation studies indicate that ESA-CCI-COM
outperforms the individual ESA-CCI-ACT and ESA-CCI-
PAS products when compared to in situ soil moisture mea-
surements (Gruber et al., 2019; Beck et al., 2021; Hirschi et
al., 2023). Moreover, previous studies point to artificial wet-
ting trends in ASCAT soil moisture in areas of widespread
deforestation or urban growth (Hahn et al., 2023). This is re-
flected in the observed larger fractions of wetting trends in
ESA-CCI-ACT, which has been solely based on ASCAT ob-
servations since 2007. Given these available evaluation stud-
ies and the identified biases in MERRA-2 precipitation and
temperature trends (Sect. 4.2), we only consider the ESA-
CCI-COM-based products and ERAS5-Land in the following
for a synthesis of the global surface and root zone soil mois-
ture trends based on these best-estimate products. It should
be noted that ESA-CCI-COM-RZSM is unlikely to show
surface-root-zone decoupling in trends given the exponen-
tial filter derivation.

Based on the average of the respective two best-estimate
products’ trends (Fig. 10), common soil moisture drying
can be observed in Siberia; in the region of the Black Sea—
Caspian Sea and Central Asia; in parts of Europe and the
Mediterranean; in parts of the western USA and the Cana-
dian Prairies; and in larger parts of South America, parts of
southern and northern Africa, and northwestern Australia.
These drying trends are often significant in both products
(p < 0.05; see hatched areas in Fig. 10), and the regions
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are mostly consistent with previous studies on trends in wa-
ter availability (e.g. Padron et al., 2020). Common wetting
trends are present in East Asia and India, southeastern Aus-
tralia, and eastern Africa. Common significant wetting trends
appear less widespread than drying trends and are mostly re-
fined to parts of Asia and central and eastern Africa.

The corresponding global area fractions of common soil
moisture drying trends amount to 49.3 % for the surface soil
layer and to about 44.5 % for the root zone (Fig. 2a, Ta-
ble S2). The respective wetting trends amount to 21.1 % (sur-
face) and 20.6 % (root zone), while areas with no consensus
with respect to trend direction amount to 29.6 % (surface)
and 35.0 % (root zone), reflecting the considerable uncertain-
ties associated with global soil moisture trends.

5.2 Relation of drought representation and soil
moisture trends

In the following, we investigate the effect of the diverse and
partly contradictory soil moisture trends in the products on
their representation of the investigated drought events. For
each event and product, Fig. 11 shows the product deviation
in the representation of these events in terms of the mag-
nitude vs. the deviation in the 2000-2022 trend. The anal-
ysis is stratified by separating the drought regions in areas
with drying-trend agreement and in those without trend di-
rection agreement (see respective brown and white areas in
Fig. Slc). Trends and magnitudes are averaged over these
respective areas, and the respective deviations are calcu-
lated with respect to the product median of each event. The
chronology of the events within the 2000-2022 period is in-
dicated using an increasing circle size.

The scatter plots reveal that a significant relation between
deviations in drought magnitude and deviations in the trend is
present in areas without trend direction agreement (Fig. 11a).
Thus, as expected, products with negative (positive) devia-
tions in trends are connected with stronger (weaker) drought
magnitudes (i.e. corresponding to negative and positive de-
viations in the magnitude, respectively). The scatter plot in
Fig. 11a also indicates a temporal dependency of the devi-
ations, as the largest deviations tend to relate to events oc-
curring after around 2010, further showing the importance
of the trend representation with respect to the products’ abil-
ity to detect droughts. However, in areas with drying-trend
agreement of the products (Fig. 11b), such a relation between
product deviations in the drought magnitude and the corre-
sponding deviations in the trend is not present. Analogous
results are obtained by considering the severity of drought
events, rather than their magnitude (Fig. S3). Thus, consen-
sus with respect to the soil moisture drying results in more
consistent drought signals in the products. Overall, this anal-
ysis highlights that the trend representation has a significant
influence on the drought-detection capacity of the products.

For ESA-CCI-ACT and MERRA-2, the positive devia-
tions in the trends and the reduced drought magnitudes and
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Figure 10. Best-estimate product average of 2000-2022 Theil-Sen trends (in m3m—3 (20 yr)fl) for yearly mean (a) surface and (b) root
zone soil moisture. Underlying daily data are masked based on the (a) ESA-CCI-COM and (b) ESA-CCI-COM-RZSM data availability as
well as on the (a, b) non-frozen soil conditions of ERA5-Land. The mean trends are only shown in areas with trend direction agreement
with respect to both respective best-estimate products, while the white colour denotes no consensus with respect to the trend direction.

Additionally, areas of common significant trends are hatched.
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Figure 11. Product deviations in drought magnitude as a function of product deviations in the 2000-2022 soil moisture trends, with the
circle sizes depending on the chronology of the events within the investigated period (i.e. later events are displayed using larger circles).
Panel (a) presents the relation in areas without trend direction agreement of the products, whereas panel (b) shows the relation in areas with a
drying-trend agreement. Deviations are displayed with respect to the product median of each event, separately calculated for the surface and
the root zone (with the latter additionally indicated with a “+”). The trends and drought magnitudes are averaged over the respective areas of
drying-trend agreement and trend direction disagreement within the drought regions. The p values of the linear trend slope (dashed line) and
the Spearman rank correlation (p) between the drought metrics and the soil moisture trends are noted as well.

severities are visible in the location of several events in the
respective upper-right quadrants of Figs. 11a and S3a. These
are the products that show larger area fractions of positive
compared with negative trends (see Fig. 2a, Table S2). ESA-
CCI-ACT also exhibits an intensification and extension of
the wetting trends in the later part of the analysis period
(compared to the 2000-2022 period; not shown), which fur-
ther contributes to the reduced drought magnitudes of later
events. An additional contribution may come from active
microwave remote-sensing sensing issues during dry spells,
which lead to an increase in the backscatter of the signal due
to subsurface scattering, resulting in an erroneous increase in
soil moisture (Wagner et al., 2022).
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Apart from the trend representation, the interannual vari-
ability in soil moisture may also contribute to the drought-
detection capacity of the products. This is investigated by
relating the product deviations in drought severity and mag-
nitude to the product deviations in the interannual variabil-
ity in the standardised soil moisture anomalies. The inter-
annual variability is characterised by the standard deviation
of the annual mean standardised soil moisture anomalies of
the 20002022 period, which are detrended using a locally
weighted scatterplot smoothing (LOWESS) filter. Figure S4a
indicates a significant relation between drought severity and
the interannual variability in the soil moisture. Thus, prod-
ucts with larger interannual variability in soil moisture dis-
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play stronger drought severities. However, such a relation
is not evident for the drought magnitudes, which show no
significant relation with interannual soil moisture variability
(Fig. S4b). This may be because magnitude represents only
1d of each event (i.e. the temporal minimum of the standard-
ised anomalies during the drought period), whereas severity
is calculated as the accumulated standardised anomalies over
all days below the drought threshold and, thus, tends to be
more related to the annual mean of the anomalies.

5.3 Impact of land-surface and bioclimatic variables on
satellite soil moisture retrieval and modelling
uncertainties

The detected differences in trend (and consequent drought)
representation of reanalysis and remote-sensing products
(Fig. 1) have partly been reported previously (e.g. Dorigo
et al., 2012; Preimesberger et al., 2021). Past studies have
linked them to fundamental modelling simplifications in the
description of human impacts, which may explain regional
differences (Qiu et al., 2016). However, differences also re-
sult from the intrinsic trend representation error in the satel-
lite products. The evidence of locally contradicting trends
between the ESA-CCI-ACT, ESA-CCI-PAS, and ESA-CCI-
COM products considered (Fig. 1) suggests that the differ-
ences in the observation system and retrieval algorithm used
in the various products have a non-negligible effect on their
trend- and drought-detection capacity.

The presented trend analysis is bound to deal with hetero-
geneity in the true spatial support and sampling frequency of
the products, which can explain part of the observed devi-
ations if accounted for explicitly (Wen et al., 2022). In this
respect, the satellite products are set apart by the lower ob-
servational density that results from ingesting (in the 2000—
2022 analysis period) four sensors in the ACTIVE products
against more than double that number in the PASSIVE and
COMBINED products. This affects the noise levels and —
remarkably — their rate of change over time (Hirschi et al.,
2023), which leads to biased trends. Moreover, the individ-
ual sensors are subject to their own performance drift (Fennig
et al., 2020), which propagates into the merged products but
is virtually impossible to isolate in the merged soil moisture
signal. Generally, spurious trends are also attributed to non-
resolved inter-sensor biases in the merging process (Yang et
al., 2013). However, this was not found to be the case in an-
tecedent product versions of the ESA CCI products consid-
ered (Preimesberger et al., 2021; Su et al., 2016).

Dynamic processes on the land surface present an addi-
tional potential impediment to the stability of the soil mois-
ture retrieval and the reanalysis-based soil moisture (and thus
trend and anomaly representations). Retrieval algorithms, as
well as the land-surface models underlying the reanalyses,
may in fact be grounded on stationarity assumptions that are
challenged by evolving land-surface characteristics. For in-
stance, the vegetation correction of the H SAF ASCAT soil
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moisture record ingested in the ESA-CCI-ACT and ESA-
CCI-COM products is parameterised on a seasonal basis in
the TU Wien model (Naeimi et al., 2009; H SAF, 2021), thus
not accounting for interannual differences and trends in veg-
etation (Vreugdenhil et al., 2016). This may introduce biases
over time, leading to an inconsistent representation of the
anomalies and to spurious trends in certain areas. The same
effect would be caused by temporal variations in the stati-
cally calibrated dry reference and wet reference, following
soil porosity variations. Abrupt land-cover changes are also
not automatically parameterised and cause artificial trends
that should be visible, for instance, in areas of widespread
deforestation or urban growth (Hahn et al., 2023).

Based on the above, trends in the remote-sensing and re-
analysis products — or at least differences between them —
might be explained by considering the underlying trends in
relevant land-surface characteristics and bioclimatic indica-
tors. Hence, trends in soil moisture are compared globally to
those calculated using the maximum number of data avail-
able over the 2000-2022 period for the VOD; ERAS5-derived
aridity (2000-2018 only); and fractional cover values of ur-
ban area, bare soil, and tree cover (see Appendix B for the
results of these comparisons). The VOD data are masked
in a manner consistent with the underlying daily data used
for calculating the soil moisture trends; this was not possi-
ble for the other variables, as they were already aggregated
above the daily level in the original products. In the case
of aridity, there appears to be a strong explanatory capac-
ity for the soil moisture trends in all considered reanaly-
ses — not just ERAS and ERAS-Land, for which this is ex-
pected due to the model internal consistency — and in most
of the satellite-based products (Fig. B1). On the contrary,
the soil moisture trends in ESA-CCI-ACT are mixed for all
aridity trend regimes, which is consistent with the weaker
drought representation found for this product (Fig. 9). As ar-
gued, trends in vegetation cover or density may be reflected
in the soil moisture signal of the remote-sensing products,
due to the role that these variables play in the uncertainty
budget, but they should also reflect the soil moisture signal,
as a result of changes in water availability, in both satellite
and model data. In the case of tree cover (Fig. B2), ESA-
CCI-ACT shows a relation with (dry) wet trends in areas
of (de-)forestation, whereas ESA-CCI-PAS shows the oppo-
site relation. A positive relation is, to a lesser extent, also
visible in ERAS and ERAS5-Land (more pronounced in the
root zone) and in ESA-CCI-COM-RZSM (when consider-
ing the upper quartile of the trend distributions) as well as
in MERRA-2 (when considering the lower quartile). Con-
versely, the global VOD (Fig. B3) only explains trends in
the ESA-CCI-ACT product and, to a lesser extent, in ESA-
CCI-COM and ESA-CCI-COM-RZSM, but it does not re-
late to the modelled trends in the surface or in the root zone.
The physical relation between the VOD and water availabil-
ity shows more clearly when water-limited areas only are
considered (below the 25th percentile of the mean ERAS
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100-289 cm depth layer soil moisture for the 2000-2020 pe-
riod; Fig. B4). In this case, soil moisture emerges more dis-
tinctly as a vegetation control in the remote-sensing products
(Lyons et al., 2021) and is better captured by the satellite-
based products. No distinct relations emerge with bare-soil
trends for any of the products (except for a mild negative
relation for ERAS and ERAS5-Land trends), although a sub-
surface scattering effect (Wagner et al., 2022) might explain
remarkably wetter trends in the higher bare-ground quantiles
for ESA-CCI-ACT (Fig. B5). ESA-CCI-ACT also displays
an evident increase in soil moisture trends with trends in the
urban area fraction (Fig. B6). This is consistent with similar
observations made for the ASCAT-derived products (Hahn et
al., 2023) and is also visible in ESA-CCI-COM (which also
ingested ASCAT).

In synthesis, several controls can be identified for the soil
moisture trends in the various products, although no one vari-
able explains all trends coherently. In some cases (e.g. for ur-
ban areas), these may be artefacts of the L0 signal that should
be decoupled in the retrieval of soil moisture via an update in
the model parameterisation. In other cases, it is reasonable to
assume some form of relationship (e.g. for the aridity indica-
tor or for the VOD in water-limited regions), although a few
products fail to render this relation.

6 Conclusions

We investigated the potential of long-term remote-sensing
and selected state-of-the-art reanalysis products for charac-
terising soil drying by analysing their 2000-2022 Theil-Sen
soil moisture trends and their ability to capture major agroe-
cological drought events of this period. The product differ-
ences in the representation of the drought events as a use
case were confronted with the soil moisture trends and their
drivers, and a synthesis of the global trends was provided
based on the best-estimate products. We focused on the rel-
ative behaviour of the products to circumvent the lack of
widely available ground data of soil moisture. Thus, we did
not aim for an in situ validation of the products regarding
their representation of the soil moisture trends and consid-
ered drought events; rather, we focused on the product en-
semble and identified the products with larger deviations
from the majority to collect a convergence of evidence.
Global distributions of the soil moisture trends are di-
verse and partly contradictory between the products. ERA5-
Land, ERAS, and ESA-CCI-COM show larger area frac-
tions of drying trends in surface soil moisture, whereas
ESA-CCI-ACT and MERRA-2 show larger fractions of wet-
ting trends (with area fractions of approximately 60 % and
above in both cases). Moreover, corresponding trend mag-
nitudes diverge, resulting in global mean wetting trends for
ESA-CCI-ACT and MERRA-2, whereas all other products
show global mean drying trends. The different global pat-
terns of soil moisture trends in the ERAS5, ERAS-Land,
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and MERRA-2 reanalysis products are reflected in regional
differences in their runoff and particular evapotranspiration
trends. These differences are driven by a positive mean bias
in the precipitation trends in MERRA-2 and a larger RMSD
compared with ERAS5, which has a slight negative bias
and a lower RMSD compared with observed precipitation
trends (0.171 vs. —0.004 mmd~! (20yr)~! bias and 0.847
vs. 0.492 mmd~"' (20 yr)_1 RMSD for MERRA-2 compared
with ERAS). The diverse soil moisture and evapotranspira-
tion trends also show a clear link to regional differences in
2 m temperature trends in parts of Asia, Africa, and North
America, where MERRA-2 shows a negative bias com-
pared with observed temperature trends, and a corresponding
larger RMSD than ERAS and ERA5-Land (0.613 K (20yr) ™!
RMSD for MERRA-2 compared with 0.536 K (20yr)~! for
ERAS and 0.511K (20yr)~! for ERA5-Land). The lower
bias in precipitation trends in ERAS and its stronger con-
straint with observed regional temperature trends results in
more widespread soil moisture drying and evapotranspira-
tion decreases in ERAS5 and ERA5-Land. In MERRA-2, the
overly strong positive trends in precipitation translate into
more widespread wetting trends in soil moisture and en-
hanced evapotranspiration as well as an unrealistic regional
cooling.

Given these biases in MERRA-2 precipitation and temper-
ature trends and based on available validation studies, ESA-
CCI-COM and ESA-CCI-COM-RZSM as well as ERAS-
Land were considered for a synthesis of global surface and
root zone soil moisture trends. Based on these best-estimate
products, common soil moisture drying trends can be ob-
served in 49.3 % of the surface and 44.5 % of the root zone
layers of the covered global area. The common drying trends
are localised in Siberia; in the region of the Black Sea—
Caspian Sea and Central Asia; in parts of Europe and the
Mediterranean; in parts of the western USA and the Cana-
dian Prairies; and in larger parts of South America, parts of
southern and northern Africa, and northwestern Australia.

We also analysed the products’ ability to detect major
drought events as a use case based on their severity, magni-
tude, duration, and spatial extent, which are calculated from
standardised daily anomalies of surface and root zone soil
moisture. We considered well-documented drought events
selected based on the scientific literature and drought reports.
The investigated products mostly capture the 17 drought
events considered. The ESA-CCI-ACT microwave remote
sensing and, to a lesser extent, the ESA-CCI-PAS products
tend to show partly weaker drought signals based on sur-
face soil moisture in all metrics compared with the com-
bined ESA-CCI-COM product and ERAS/ERAS5-Land. This
is most pronounced for the drought magnitudes of ESA-
CCI-ACT. The magnitudes are also reduced in MERRA-2,
in both the surface layer and the root zone. ESA-CCI-COM
displays partly stronger drought severities and prolonged du-
rations. In the root zone (based on the reanalysis products and
ESA-CCI-COM-RZSM), the drought events appear damp-
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ened with respect to magnitude and smaller with respect
to spatial extent, while a tendency toward prolonged dura-
tions and stronger severities of the droughts is observable
(except for MERRA-2). ESA-CCI-COM-RZSM displays a
partly stronger representation of the droughts with respect to
severity and magnitude compared with the reanalysis prod-
ucts.

The product deviations with respect to the drought magni-
tude and severity further showed a significant relation with
deviations in the soil moisture trends in areas without trend
direction agreement. This is most visible in the reduced
drought magnitudes of MERRA-2 and the ESA-CCI-ACT
remote-sensing product compared with the other products,
which is linked to their larger global fractions of strong
positive trends in soil moisture. In areas with drying-trend
agreement of the products, however, such a relation between
product deviations with respect to the drought magnitude
or severity and the corresponding deviations in the trend
was not present. This study demonstrates that soil moisture
trends play a fundamental role in the drought-detection ca-
pacity of different products. Uncertainties in the represen-
tation and global distribution of soil moisture trends, as re-
flected in the large proportions of areas where there is no
consensus with respect to trend direction, both between and
among remote-sensing and reanalysis products, contribute to
product-specific representations of droughts, particularly af-
fecting the drought magnitude.

We also identified several land-surface characteristics and
bioclimatic indicators (i.e. the aridity; VOD; and fractional
coverage of urban area, tree cover, and bare soil) that control
soil moisture trends in the various products, although none
of these variables explain all of the trends coherently. The
analysis of trends in these land-surface and bioclimatic vari-
ables qualitatively showed that the soil moisture trends are
affected by retrieval or modelling artefacts, e.g. due to non-
valid stationarity assumptions in the land-surface variables.
Conversely, trends in these variables may show valid physi-
cal relationships to trends in soil moisture (e.g. in the case of
aridity and the VOD in water-limited regions), although these
relations are not represented by some products. As a future
step, the exact sources of such artefacts should be identified
to reconcile the different — and partially diverging — trend
representations and advance the drought assessment capacity
of the remote-sensing observations and reanalysis systems.
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Figure A1l. Pairwise pattern correlation (lower left) and RMSD (upper right) of (a) drought severity, (b) magnitude, and (c) duration between
individual products, calculated over all events. Only significant values are shown for the Pearson correlation (p < 0.05), and root zone soil

moisture products are denoted using an asterisk (*).
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Appendix B

Aridity [-] 2002-2018 trend, <0.15, 0.15-0.85, >0.85 quantiles

0.08 f

'3 surface

ZA root zone
0.06

-1

trend [m3 m~3 (20 yr)
o o
o o
o N H
— —
o — ——

s s S
o — i
o — 1

C———— 71 3

I — —

S — — I ——
s e
—— i
e ] |
| —

L | i

|

C~~I~1
N~ < i
N~ <1 ]
- ———— -]
~I~~~ <1
T~
L | i
I S :

0.00 1
-0.02
~0.04 1 L .
4
_006 T — IW” — T 7771"” T 77771"7 |”7 T —
& K\ o > 2 © ° > a
oF Ned R & R & > & K &
¥ S SO &
Q(:) @?‘ (é') < (}’(J <
<
&

Figure B1. Distributions (median and interquartile range) of global soil moisture trends in the different products in relation to different
quantile bins of trends in aridity (i.e. < 0.15, 0.15-0.85, and > 0.85). Note that trends are not masked according to significance.
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Figure B2. As in Fig. B1 but for trends in the tree cover fraction.
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Figure B3. As in Fig. B1 but for trends in the global VOD.
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Figure B4. As in Fig. B1 but for trends in the VOD in water-limited regions.
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Figure B5. As in Fig. B1 but for trends in the bare-soil fraction.
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Figure B6. As in Fig. B1 but for trends in the urban area fraction.

Data availability. All products used in the study are publicly
available. ESA CCI soil moisture (v08.1) is available from http:
/Icatalogue.ceda.ac.uk/uuid/ff8§90589¢c21f40338032a550£52¢980c

(Dorigo et al., 2023). The ESA-CCI-COM-based root zone soil
moisture can be accessed at https://doi.org/10.48436/v8cwj-jk556
(Stradiotti and Preimesberger, 2024). ERAS and ERAS5-Land are
available from the CDS at https://doi.org/10.24381/cds.adbb2d47
(Hersbach et al., 2023) and https://doi.org/10.24381/cds.e2161bac
(Muiioz Sabater, 2019), respectively. MERRA-2 is available from

Hydrol. Earth Syst. Sci., 29, 397-425, 2025

GES DISC at https://doi.org/10.5067/RKPHTS8KC1Y1T (GMAO,
2015). CRU TS v4.07 can be downloaded from https://catalogue.
ceda.ac.uk/uuid/5fda109ab71947b6b7724077bf7eb753 (Harris et
al., 2023).

Supplement. The supplement related to this article is available on-
line at: https://doi.org/10.5194/hess-29-397-2025-supplement.
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