
Science of the Total Environment 644 (2018) 256–273

Contents lists available at ScienceDirect

Science of the Total Environment

j ourna l homepage: www.e lsev ie r .com/ locate /sc i totenv

Space-based observations of crustal deflections for drought
characterization in Brazil

V.G. Ferreiraa, H.C. Montecinob, C.E. Ndehedehec, B. Heckd, Z. Gonge,*, S.R.C. de Freitasf, M. Westerhausd

aSchool of Earth Sciences and Engineering, Hohai University, Nanjing 211100, China
bDepartment of Geodesy Science and Geomatics, University of Concepción, Los Angeles 4451032, Chile
cAustralian Rivers Institute and Griffith School of Environment & Science, Griffith University, Nathan, Queensland 4111, Australia
dGeodetic Institute of Karlsruhe, Karlsruhe Institute of Technology, Karlsruhe 76128, Germany
eState Key Laboratory of Hydrology-Water Resources and Hydraulic Engineering, Hohai University, 1st 1 Xi Kang Lu, Nanjing 210098, Jiangsu, China
fGeodetic Sciences Graduation Course, Federal University of Paraná, Curitiba 81.531-990, Brazil

H I G H L I G H T S

• Crustal bending due to loading isn’t
correlated with structural provinces
in Brazil.

• GPS-based crustal deflection can be
used as indicator to depict drought
over Brazil.

• Drought index using crustal deflec-
tion is feasible and dispenses inverse
modeling.

• Few sites present phase lag between
driven force (loading) and response
(bending).

• GPS and GRACE show that the
Brazil’s 2012–2015 drought was
unprecedented.

G R A P H I C A L A B S T R A C T

A R T I C L E I N F O

Article history:
Received 19 April 2018
Received in revised form 19 June 2018
Accepted 22 June 2018
Available online xxxx

Editor: Ashantha Goonetilleke

Keywords:
Drought
GPS
GRACE
Hydrologic loading
Crustal deformation

A B S T R A C T

Widespread environmental impacts of frequent drought episodes in Brazil have resulted in several drought-
related diagnostics studies. However, the potential of many “opportunistic sensors”, such as the Global
Positioning System (GPS), has not yet been considered in hydrological hazard monitoring in Brazil. In this
study, the response of the Earth’s crust to Brazil’s 2012–2015 drought event in different structural provinces
is analyzed by comparing GPS-observed vertical crustal deformations (VCDs) with the terrestrial water
storage (TWS) derived from the Gravity Recovery and Climate Experiment (GRACE). The results indicate
that there is no spatial correlation between annual amplitudes of the TWS and VCDs in different structural
provinces apart from the purely elastic response of the crust to TWS dynamics, at almost all the 39 GPS
stations that were analyzed. However, approximately 15% of the monitoring stations show that VCD leads
TWS with a phase lag of 2–4 months. Errors associated with VCD and TWS are within the accepted range for
space geodetic techniques (i.e., GPS and GRACE) and despite the need for further investigation, the phase
lead seems to be associated with rainfall, which impacts the TWS through the hydrographs. Overall, the
GPS-based drought index (DIVCD) reflects the water depletion in many regions of Brazil, which agrees with
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the GRACE-based DITWS in terms of the Spearman correlation coefficient (ranging from 0.4 to 0.9) in the
Amazon, Tocantins, La Plata, and São Francisco river basins. This agreement confirms the drought persistence
during the study period and that DIVCD can be used to monitor hydrological droughts. In regions in which
DITWS sufficiently agrees with DIVCD (48% of the sites), near real-time drought monitoring is feasible. This
could be useful in the optimization of models for the forward prediction of drought events in other regions
worldwide, where GPS vertical displacements strongly correlate with hydrological GRACE signals.

© 2018 Elsevier B.V. All rights reserved.

1. Introduction

Global land areas affected by a variety of drought intensities have
considerably increased in the last forty years (van der Molen et al.,
2011). As a temporary deficit in the water supply relative to nor-
mal conditions, drought is a disaster that affects more people than
other natural hazards (Carrão et al., 2016). Brazil, which is marked
by prominent hydroclimatic shifts, affords no inviolability because
it experienced an extremely dry period that started in 2012 and
persisted until 2016 (Sun et al., 2016). This extreme hydrological
event has been classified as one of the worst droughts in the last
80 years (Targa and Batista, 2014) due to its far-reaching impacts
on both the economy and society (Getirana, 2016). Although histor-
ical antecedents indicated that Northeast Brazil has been impacted
by numerous drought episodes (Marengo et al., 2017a;Marengo et
al., 2017b), this recent drought event also affected Southeast Brazil,
extending to areas such as the states of São Paulo, Rio de Janeiro, and
Minas Gerais (Nobre et al., 2016).

The widespread environmental impacts (e.g., land degradation
and gradual aridification) of frequent drought episodes in Brazil led
to several diagnostics studies. For example, Marengo et al. (2017a)
and Marengo et al. (2017b) reported recurrent droughts in Northeast
Brazil and attributed them to various El Niño episodes and the influ-
ence of tropical North Atlantic sea surface temperature (SST) fields.
Future climate projections for Northeast Brazil show a large increase
in temperature and rainfall reductions, which suggests a tendency
toward desertification in this region (Marengo et al., 2017a; Marengo
et al., 2017b). Coelho et al. (2015) reported the possible relationship
between the rainfall reduction observed in summer 2014 and the
SST in Southeast Brazil and atmospheric circulation patterns. They
demonstrated the persistence of a mid-atmosphere blocking high over
Southeast Brazil during the 2013/2014 drought. This mid-troposphere
blocking high lasted for 45 days during the summer of 2014, a phe-
nomenon that has not been observed for five decades (Nobre et al.,
2016). It has been speculated that the reduction of rainfall in those
regions could be due to anthropogenically induced climate change
(Escobar, 2015) and deforestation of the Amazon rainforest (Nazareno
and Laurance, 2015). Erfanian et al. (2017) suggested that the pos-
sible contribution of non-oceanic factors, such as landcover change
and human-driven warming, is the potential cause of the 2015–2016
drought in Northeast Brazil and the Amazon region. Despite the need
for further research on the causes of the reduction in rainfall, there is
little doubt that the recent water depletion of Northeast and Southeast
Brazil is mainly due to lower rainfall rates (Getirana, 2016).

Irrespective of the reason for the rainfall deficit over Brazil is, we
argue that the Earth’s crust responds to the associated droughts, which
can result in nonlinear fluctuations in continuous measurements
obtained from different geodetic sensors. Changes in the terrestrial
water storage (TWS, i.e., the virtual sum of total water stored on
the surface and in soil layers, ice/snow, groundwater, and biomass)
lead to vertical crustal deformation (VCD) with typical peak-to-peak
amplitudes as large as 6 mm at a very long baseline interferometry
site in Fortaleza (Eriksson and MacMillan, 2014) and approximately
75 mm at a Global Positioning System (GPS) station in Manaus (Bevis
et al., 2005). Therefore, one can draw the conclusion that continuous
measurements of the Earth’s shape using, for example, GPS could be
utilized to infer TWS variations (Blewitt, 2015, p. 384). Indeed, the

inference of hydrological signals by using “opportunistic sensing”,
such as GPS, is a growing area of research, as pointed out by McCabe et
al. (2017).Giventhecomplexinteractionsandpropagationofdroughts
in this Anthropocene era, it would be interesting to investigate Brazil’s
2012–2015 drought event using the VCD as indicator (indicators are
variables such as rainfall and streamflow) to compute drought sever-
ity indices. This approach could improve our understanding of the
utility of hydro-geodetic methods to study the cascading effects of
droughts and impacts of reduced alimentation on hydrological stor-
age (Ndehedehe et al., 2017). In addition, the VCD series could be
used to characterize hydrological droughts, which are very impor-
tant because daily routines and activities of people depend on surface
water (e.g., lakes and reservoirs) and groundwater resources (Pathak
et al., 2016). This is important for Brazil because the rural and urban
population depends on groundwater (Hu et al., 2017) and surface
reservoirs (Nobre et al., 2016), respectively.

Residual time series of ellipsoidal heights obtained from contin-
uous GPS observations have been used in many studies to quantify
the amount of water lost due to drought events (Borsa et al., 2014;
Chew and Small, 2014; Fu et al., 2015; Jin and Zhang, 2016; Jiang et
al., 2017) after accounting for atmospheric and oceanic loadings and
non-geodynamic effects, such as the stability of the station build-
ing, thermal expansion, and change of antenna, and errors due to
tidal aliases and draconitic periods. For instance, inverse modeling
approaches using GPS-observed VCDs have been used to estimate TWS
(Argus et al., 2014; Borsa et al., 2014; Fu et al., 2015; Jin and Zhang,
2016). The study by Borsa et al. (2014) is a landmark study considering
that TWS is predominantly based on the Gravity Recovery and Cli-
mate Experiment (GRACE) mission (Tapley et al., 2004). Furthermore,
inverse modeling provides the means to estimate the high-resolution
TWS and fill the gap between the past GRACE and current GRACE-FO
(Follow-On) missions in the series. However, this is limited to regions
with many GPS stations and enviable in many regions worldwide (e.g.,
South America and Africa). A notable example of the two-fold appli-
cability of GPS on drought studies can be found in Jiang et al. (2017)
who used the GPS-based VCD and precipitable water vapor (PWV) to
diagnose hydrological and meteorological droughts, respectively, in
Yunnan, China. However, the study carried out by Chew and Small
(2014) is the only one that has used the cumulative distribution func-
tion of the VCD to characterize drought over the High Plains region of
the United States. This provided a metric that can be directly compared
with other drought indices based on percentiles. Specifically, Chew
and Small’s contribution (ibid.) demonstrated the potential of VCD-
based drought indicators to characterize the drought severity based
on available GPS stations without the need for inverse modeling.

To the best of our knowledge, all aforementioned studies nei-
ther evaluated the suitability of the VCD as a candidate for drought
characterization using the same basis for drought computation nor
investigated the suitability of each GPS station considering overall
errors. Furthermore, none of the studies mentioned above used sta-
tions located within Brazil’s Amazon, Tocantins, São Francisco, and La
Plata river basins. Notably, these regions undergo significant seasonal
VCD variations due to the loading induced by TWS variations (e.g., Van
Dam et al., 2001) and they cover diverse landforms and landscapes
of Brazilian territory categorized by seven major tectonic units (cf.,
de Alkmim, 2015). Borsa et al. (2014) pointed out that VCD fields are
largely independent of local geological structures and stations placed
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