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Introduction

Groundwater drought develops as a smoothed and delayed response to persistent or frequent deficits in
rainfall, or as result of a continued negative balance between recharge and extraction. Although not as
accurate as in-situ observations, remote sensing has the advantage of providing near real-time and spatially
continuous data. GRACE satellite data has been used to show evidence of groundwater depletion in aquifers
all over the world (Rodel et al. 2018), and NASA currently generates weakly groundwater and soil moisture
drought indicators based on GRACE-FO as part of the United States drought monitoring program. In Europe
the Copernicus Global Drought Observatory also uses GRACE total water storage (TWS) anomalies as a proxy
of groundwater drought. The use of GRACE satellite data for water resources management, particularly for
groundwater systems in the Iberia Peninsula, looks promising (Neves et al. 2020), but its suitability to monitor
drought requires further research.

On the other hand, large scale atmospheric circulation patterns also known as teleconnections control
the interannual to interdecadal natural variability of the climate system. In the Iberian Peninsula, the North
Atlantic oscillation (NAQO), the East Atlantic (EA) and the Scandinavian (SCAND) patterns are the three main
modes of variability driving winter precipitation, river flow and therefore surface and subsurface water
storage. These patterns or modes of variability are characterized by indices which measure the strength of
atmospheric pressure anomalies. Positive and negative phases of the indices, defined by values above or
below given thresholds (e.g. NAO+ is defined for aggregates of winter month indices above 0.5), are generally
associated with either wet or dry conditions. Previous studies have shown that wintertime NAO+ and EA-
phases potentiate droughts in Iberia, the opposite occurring for NAO- and EA+ phases. However, few studies
have recognized the importance of interactions amongst climate patterns and only recently did we become
aware that their combinations or superpositions, as well as the temporal shifts in their synchronization, may
lead to major anomalies in groundwater storage (Neves et al. 2019).

The purpose of the present study is to address the question: Do combined NAO-EA-SCAND phases also
produce noticeable extremes in GRACE TWS observations? This question is relevant for two main reasons.
First, GRACE offers a unique opportunity of fast and reliable large-scale monitorization of groundwater and
can be used as an early warning system for groundwater drought or aquifer depletion. Second, the NAO-EA-
SCAND indices provide a potential source of seasonal forecast since their wintertime value determines the
availability of water in the following summer. Teleconnections may also be a source of long-term forecasting
as they exert periodic controls on groundwater level and are linked to recurrent droughts.

Materials and methods

Monthly data from GRACE and GRACE-FO missions and ancillary datasets of precipitation, runoff and soil
moisture were obtained from publicly available models and datasets (E-OBS, GLEAM, GRUN and ERAS5) as
referenced in Neves et al. (2020). The GRACE TWS anomalies in Iberia were downscaled using a multivariate
regression model as proposed by Vishwakarma et al. (2021). The Standardized Groundwater Index (SGI)
(Bloomfield and Marchant 2013) was then computed from GRACE TWS anomaly. The NAO, EA and SCAND
climate indices were retrieved from the NOAA Climate Prediction Center. The links between TWS anomalies
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and the coupled phases of the climate indices has been evaluated using wavelet transform methods and
singular spectral analysis as explained in Neves et al. (2019).

Results and concluding remarks

The analysis of GRACE TWS time-series was performed over the five larger rivers basins in Iberia (Douro,
Tagus, Guadiana, Guadalquivir and Ebro). The results showed distinct seasonal and annual water storage
characteristics over these river basins. Overall, TWS showed a downward trend between 2003 and 2022 over
all regions. The temporal evolution of SGI also exhibited specific characteristics over each river basin, but an
overall common feature is that droughts became more frequent in recent years. Good correlations between
time-series of TWS anomalies and climate indices confirms the influence of teleconnections in each of the
river basins.
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Figure 1. Example of the relationships between GRACE TWS anomaly in the Douro basin, episodes of groundwater
drought denoted by negative values of SGI and the positive and negative phases of NAO and EA. Major droughts
occurred for combined NAO+EA- phases in 2012 and 2018.

Specific phase combinations enhance the possibility of extreme hydrologic events particularly droughts
(NAO+ EA-) as shown in Figure 1 for the Douro Basin. In response to the initial research question posed in
the introduction, extremes in GRACE TWS can indeed be linked with combined phases of climate patterns.
Although extremely challenging the prospective forecasting of climate pattens, months or even one year
ahead, can be used to improve the design and implementation of management measures such as adaptive
planning and flexible water allocation to reduce the impact of future droughts.
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