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A B S T R A C T   

Major floods in Spain in September 9–13, 2019 resulted in seven casualties and massive losses to agriculture, 
property and infrastructure. This paper investigates the utility of satellite data to: (1) characterize the event when 
input into a hydrological model, and to provide an accurate picture of the evolution of the floods; and (2) inform 
meteorologists in real time in order to complement model forecasts. It is shown that the precipitation estimates 
from the Global Precipitation Measurement (GPM) Core Observatory (GPM-CO, available since 2014) and the 
merged satellite estimates provide an extraordinary improvement over previous technologies to monitor severe 
hydrometeorological episodes in near real time. In spite of known biases and errors, these new satellite pre-
cipitation estimates can be of broad practical interest to deal with emergencies and long-term readiness, espe-
cially for semi-arid areas potentially affected by ongoing global warming. Comparisons of satellite data of the 
September event with model outputs and more direct observations such as rain gauges and ground radars 
reinforce the idea that satellites are fundamental for an appropriate management of hydrometeorological events.   

1. Introduction 

The floods in southeast Spain in September 2019 offer an opportu-
nity to evaluate the role of new satellite information available from the 
Global Precipitation Measurement (GPM) for monitoring extreme pre-
cipitation in semiarid areas. The case is interesting by itself: while the 
Mediterranean climate of the region is often subject to localized high- 
intensity precipitation events (Berthou et al., 2018; Cattani et al., 
2009; Cortès et al., 2018, 2019; Laviola et al., 2011; Llasat et al., 2014, 
2016; Lorenzo-Lacruz and Coauthors, 2019; Martín-Vide and Llasat, 
2018; Mora et al., 2016; Olcina Cantos et al., 2010; Ramis et al., 2009; 
Ravazzani et al., 2016; Romero et al., 2005, 2015), the September floods 
in Eastern Spain from the 9th to the 13th were especially intense. Ac-
cording to the official report, the storm caused severe flooding in 
populated areas due to the amount and persistence of the phenomenon 
and was responsible for ‘exceptional damage.’ Indeed, the episode 
resulted in seven casualties and massive losses to agriculture, property 

and infrastructure (Fig. 1). Insurance companies estimate the damage at 
about 19 M USD. The most affected areas were large areas of the 
Valencian Community, the Region of Murcia, Castilla-La Mancha and 
Andalusia, and areas in the south of the Community of Madrid during 
the final phase of the episode. In all these places a multitude of rescues 
had to be made and thousands of people were evacuated. Just during the 
storm and only in the Valencian Community, 700 buildings were 
affected by floods (about 1500 dwellings) of which 150 suffered serious 
damage. 

This paper addresses the utility and added value of GPM data for near 
real time monitoring of the September flood in Spain. On a wider scope, 
the paper reflects on the current and future use of satellite information 
for the management of these extreme events. Prior research on the use of 
satellite data for nowcasting and monitoring of hydrometeorological 
extremes includes (Champagne et al., 2014; De Coning, 2013; Di Paola 
et al., 2014; Kolios and Feidas, 2013; Neiman et al., 2012; Toté et al., 
2015; van der Veen, 2012; Zhou et al., 2014; Zhuge et al., 2011). 
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Since the launch of the GPM Core Observatory (GPM-CO) in 2014, 
the GPM constellation has consolidated its role as a main reference for 
accurate and timely estimation of precipitation for the whole planet. 
Products such as the IMERG (Huffman et al., 2018a; Huffman et al., 
2018b), which provides 30 min accumulations with short latency 
through a combination of sources are widely used by the community 
(Asong et al., 2017; Dezfuli et al., 2017; Gaona et al., 2016; Lu and Yong, 
2018; Retalis et al., 2018; Watters et al., 2018). These estimates can not 
only be combined with hydrological models, but also be used in near real 
time thanks to the low latency of the products. The GPM-CO’s GPM 
Microwave Imager (GMI, 23 min average latency), the Dual Precipita-
tion Radar (DPR, 76 min average), the combined GMI + DPR (83 min 
average) and IMERG multi-satellite estimates (5 h average for the ‘early’ 
product) are all, in principle, suitable for a variety of near real time 
applications (Belabid et al., 2019; Kirschbaum and Stanley, 2018; Lin 
et al., 2015; Mastrantonas et al., 2019; Pu et al., 2019; Yuan et al., 2017). 

2. Data and methods 

Information available in near real time for the management of the 
September 2019 floods in Spain included: Radar (Section 2.1 below); 
Rain gauges (2.1); Infrared-derived precipitation estimates (2.2); 
Microwave-based precipitation estimates (2.2); High spatial-resolution 
visible (VIS) imagery (2.2); Numerical Weather Prediction (NWP) 
model forecasts and ensembles of NWP models (2.3); and hydrological 
model outputs (2.4). Table 1 summarizes their main characteristics, 
which are described below. 

2.1. Ground observations 

The Meteorological Agency of Spain (AEMET) radar network 

comprises 15C-band (5.60–5.65 GHz) Doppler radars covering the Ibe-
rian Peninsula, the Balearics and the Canary Islands. Scans are done for 
two ranges: long-range scans up to 240 km distance at 1 km horizontal 
resolution, and short-range scans up to 120 km distance at 0.5 km 
horizontal resolution. Each instrument carries first carries out data 
processing and obtains reflectivity, radial velocity and turbulence fields. 
Then, a centralized processing system computes specific products: Plan 
Position Indicator (PPI), top echoes (ECHOTOP), Vertical Reflectivity 
Profile (VRP) and Vertical Integrated Liquid (VIL), for each radar. A 
national composite is then built for those radars covering the Iberian 
Peninsula and the Balearics. The composite is simply a mosaic of all 
operating radars at a given moment. The data frequency of the indi-
vidual radars and the composite is 10 min. 

AEMET also manages 945 weather stations recording data at 10 min 
intervals. The location of the stations was optimized to provide a 
comprehensive coverage of the country, favoring flat, agricultural, 
populated areas over remote mountain areas. The Segura River Basin 
Authority also has an automatic hydrological information system which 
records rainfall at 62 control points. The system consists of automatic 
rain meters scattered in the basin of the Segura River, which has been 
one of the main affected areas by the September 2019 floods. In both 
networks, the rain gauges have a 0.2 mm nominal resolution. 

2.2. Satellite data 

Since 2014, the GPM Core Observatory is a key piece for monitoring 
extreme precipitation events. The GPM-CO radar estimates (DPR) pro-
vides high quality precipitation estimates and helps calibrate the radi-
ometer (the GMI) estimates, whose wider swath extends the coverage of 
the microwave instruments. The IMERG is produced by integrating the 
data from other satellites of the Precipitation Measuring Missions 

Fig. 1. Some local impacts of the flashfloods over populated areas in the Segura river basin. Credits: F. J. Ortiz Zaragoza (upper left) and Rate Bas and Vegaba-
jadigital (rest of the photographs). 
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(PMM) constellation with infrared data using model-derived cloud 
motion winds (Huffman et al., 2018b). The estimates can then be used or 
feed for hydrology (Anagnostou, 2010). Here, the “Early” IMERG 
product is used to feed into a hydrological model, as it is the only 
available for near-real time operations. 

For nowcasting operations, AEMET relies mainly on data from the 
SEVIRI (Spinning Enhanced Visible and InfraRed Imager) onboard 
Meteosat Second Generation (MSG) satellites. SEVIRI provides imagery 
at twelve bands ranging from VIS to thermal IR wavelengths at the 
temporal interval of 15 min. Most of the bands are window bands 
providing reflectance and brightness temperatures. There are also four 

absorption bands, two of them located over a wide water vapor ab-
sorption band. They provide valuable information of moisture at mid 
and high levels of the atmosphere. Eleven bands provide information at 
3 km horizontal resolution at nadir and one of them, located at VIS 
wavelengths, does it at 1 km. 

Sentinel satellites in polar orbits provide high spatial resolution data 
and permit a more detailed view of hydrological impacts at the surface 
(Fig. 2). Sentinel 2A, with a 290 km swath width and five days temporal 
resolution at the equator, provides information in 13 bands at VIS and 
NIR wavelengths, with horizontal resolutions between 10 and 60 m. 

2.3. Model outputs 

The HRES-IFS (Jakob et al., 2000; Palmer, 2019) is a deterministic 
and hydrostatic atmospheric global circulation model developed at the 
European Centre for Medium-range Weather Forecasts (ECMWF). 
HARMONIE-AROME (Bengtsson et al., 2017) is a deterministic and non- 
hydrostatic atmospheric convection-resolving regional mesoscale 
model, developed by HIRLAM and ALADIN consortia, as described in 
Seity et al. (2011) and Bengtsson et al. (2017). Though both models use 
the spectral modeling approach their grids are different: HRES-IFS uses 
an octahedral O1280 grid, which allows it to go from a 16 km grid in the 
dynamics to a 9 km grid in the model output, while HARMONIE-AROME 
works in a Lambert Conformal grid at 2.5 km. The number of vertical 
levels below 500 hPa is also quite similar (41 and 42) as well as below 
2000 m (27 and 28) in both models. Data assimilation is 4D-Var for 
HRES-IFS and 3D-Var for HARMONIE-AROME. 

HARMONIE-AROME is run at AEMET every 3 h taking its initial and 
boundary conditions from HRES-IFS every hour. The physical parame-
terizations of the model draw from those used in the research Meso-NH 
(Bougeault and Mascart, 2009) model. Radiation is parameterized as in 
HRES-IFS cycle 32 model, surface processes use SURFEX (Masson and 
Coauthors, 2013), turbulence use HARATU scheme and shallow con-
vection uses EDMF-M (Bengtsson et al., 2017). Deep convection, in 
contrast to the HRES-IFS, is explicitly resolved through the ICE-3 
microphysical scheme (Pinty and Jabouille, 1998; Lascaux et al., 2006). 

Two different ensemble prediction systems are available at AEMET: 
the global ENS-IFS (Molteni et al., 1996) for the synoptic scale, and the 
regional γ-SREPS (Frogner et al., 2019) for the mesoscale. γ-SREPS is a 
multianalyses multimodel run at AEMET every 12 h with 48 h range, 
coupling 4 mesoscale models (HARMONIE-AROME, ALARO, WRF-ARW 
and NMMB) with 5 global models as initial and boundary conditions 
(IFS, ARPEGE, GSM, GFS and GEM). It runs at a 2.5 km horizontal 
resolution. 

We also used ‘Point Rainfall’, which is a new experimental post- 
processed ECMWF product available from April 2019. It estimates the 
range of likely precipitation accumulation within the ECMWF-ENS 
gridbox (18 × 18 km aprox.), accounting for sub-grid variability and 
known model biases. It provides the probabilities of precipitation point 
values exceeding several thresholds, as they would be measured by a 
rain gauge randomly located within a gridbox. The product and its 
rationale are described in Owens and Hewson (2018). In short, a sta-
tistics post-processing system is built by comparing the estimated values 
of the system with rainfall observations and taking into account 214 
gridbox-weather-types. Those weather-types are defined by using the 
following parameters: convective rainfall fraction, total 12 h precipita-
tion forecast, 700 hPa wind speed, CAPE and 24 h clear-sky solar 
radiation. 

The ‘Point Rainfall’ product aims to improve the raw ECMWF-ENS 
forecasts by adding sub-grid information and by providing better and 
more realistic precipitation estimates, especially in convective situa-
tions. The statistics post-processing system uses one-year worth of data 
for training and calibration. 

The Extreme Forecast Index (EFI; Lalaurette, 2003a) is also a useful 
tool to help foresee unusual or extreme weather events, albeit not 
necessarily severe ones. For a given location and time of year, the EFI 

Table 1 
Data used in the study, summarizing their main characteristics.  

Data source Description Spatial 
resolution 

Temporal 
resolution 

Use/notes 

National 
radar 
composite 

Fifteen C-band 
Doppler radars 

1 km 10 min Qualitative 
evolution of 
precipitation 
fields 

Rain gauges 946 weather 
stations +62 
stations (Segura 
river) 

Pointwise 10 min Ground truth 
measurements of 
precipitation 

IMERG-Early Satellite 
precipitation 
estimates from 
radar, 
radiometers, 
and model- 
derived motion 
vectors 

10 km 3 h Provides 
quantitative 
estimates beyond 
rain gauge 
locations and can 
help the 
forecasters 

METEOSAT 
SEVIRI 

Visible (VIS) 
and infrared 
(IR) data 

3 km 15 min Used for 
nowcasting by 
AEMET 
forecasters 

Sentinel 2A Visible (VIS) 
data 

10 m About 5 
days 

Provide high- 
resolution visible 
data for flood 
analysis and 
damage reports 

HRES-IFS 
(ECMWF) 

Numerical 
Weather 
Prediction 
Model 

9 km 30 min 
(typical 
output) 

Deterministic 
global model. 4D- 
var assimilation, 
likely the best 
available NWP 
model 

HARMONIE- 
AROME 

Numerical 
Weather 
Prediction 
Model 

2.5 km 30 min  
(typical 
output) 

Deterministic, 
limited area 
model nested in 
the HRES-IFS. 3D- 
var assimilation 

ENS-IFS Ensemble 
prediction 
system, IFS 

9 km 30 min  
(typical 
output) 

Non- 
deterministic 

γ-SREPS Ensemble 
prediction 
system 
(HARMONIE- 
AROME, 
ALARO, WRF- 
ARW, NMMB +
IFS, ARPEGE, 
GSM, GFS and 
GEM) 

2.5 km 30 min  
(typical 
output) 

Multianalyses 
multimodel run at 
AEMET 

ECMWF 
‘point 
rainfall 
product’ 

Model-derived 
probability of 
rainfall 
exceeding a 
threeshold 

18 km 30 min 
(typical 
output) 

Post-processed 
ECMWF product 

GFMS Hydrological 
model 

1/8th 
degree 

3 h Hydrological 
model feed with 
IMERG, uses 
TMPA for 
calibration  
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identifies unusual, potentially extreme weather compared to the local 
climatology. It is computed as an integral measure of the difference 
between Cumulative Distribution Functions (CDF; Wilks, 2011) of the 
current ensemble forecast probability distribution and the climatology 
distribution, giving higher weight to differences in the tails of the dis-
tribution. In the case of ECMWF ENS-IFS the climatology is called M- 
climate (Zsótér et al., 2015; Owens and Hewson, 2018), and is computed 
considering a 5-week window centered on the target day, picking 9 fixed 
days for each one of the last 20 years, and reprocessing for each day an 
ensemble of 11 forecasts. In this way an ensemble of 1980 members 
called M-climate is generated. The EFI definition (Zsótér, 2006) is as 
follows: 

EFI =
2
π

∫ 1

0

p − Ff(p)
(p(1 − p) )1/2 dp  

where Ff(p) denotes the proportion of ENS members lying below the p 
quantile of the M-climate. Those forecasts outside the M-climate are not 
considered (for that purpose the Shift of Tail index (SOT) is used 
(Lalaurette, 2003b; Zsótér, 2006). EFI values fall within the interval 
[− 1,1]. High EFI values indicate an extreme event more likely than 

usual, but the actual values do not represent probabilities of that event. 
The interpretation is as follows: EFI = 0 where the ensemble distribution 
agrees precisely with the M-climate distribution, or when the overall 
total of positive and negative area contributions is zero, and EFI = +1 
(− 1) where all the ensemble values are above (below) the M-climate 
maximum (minimum). EFI values between 0.5 and 0.8 (irrespective of 
sign) generally indicate an unusual event, and values above 0.8 can 
signify an extreme event. 

2.4. Hydrological model: the GFMS 

The Global Flood Monitoring System (GFMS, http://flood.umd.ed 
u/) is a NASA-funded system using real-time IMERG estimates as input 
to a quasi-global (50◦N - 50◦S) hydrological runoff and routing model 
running on a 1/8th degree resolution every 3 h (Wu et al., 2012, 2014). 
Flood detection and intensity estimates are based on 15 years of retro-
spective model runs with TRMM Multi-Satellite Precipitation Analysis 
(TMPA) input, with flood thresholds derived for each grid location using 
surface water statistics plus parameters related to basin hydrologic 
characteristics. The flood thresholds are typically at the 95th percentile 
of the water depth or streamflow values. 

Fig. 2. (top) Sentinel 2A-L2A true color (4/3/2, left) and false color (12/11/5, right) band combinations for September 13, 2019 11:52 UTC, focused on the Mar 
Menor area (Murcia province). (bottom, left) Satellite swath and the area of interest, and (bottom, right) topographic map of Spain (from Tapiador et al., 2020), with 
the location of the main features mentioned in the paper. 
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The flood model in the GFMS is based on the University of Wash-
ington Variable Infiltration Capacity (VIC) land surface model (Liang 
et al., 1994, 1996) coupled with a dominant river tracing-based runoff 
routing model to form the Dominant river tracing-Routing Integrated 
with VIC Environment (DRIVE) model (Wu et al., 2012, 2014). The 
GFMS utilizes the DRIVE model to predict hydrological variables over 
the global domain, including streamflow, flood intensity and inundation 
(1 km resolution). The global flood system and the DRIVE model have 
been evaluated based on 15-year (1998–2012) retrospective simulation 
against more than 1000 gauge streamflow observations and more than 
2000 reported flood events across the globe (Wu et al., 2014). 

As described in Wu et al., 2014, the surface water storage is the depth 
[mm] of the surface water above dry ground. At 1/8th degree resolution, 
the flood intensity value is the calculated water depth [mm] above the 
flood threshold. Calculations of streamflow [m3/s] are also shown as 
well as streamflow values above a flood threshold determined from 
retrospective model runs at 1/8th degree resolution. The 1 km inunda-
tion map at every 3-h time step is derived based on the routing at 1 km 
resolution and the surface water storage at the same time step by 
masking out the normal (or referential) water coverage from it. The 
calculations are for natural systems and do not include the changes in 
topography caused by man-made constructions. 

3. Results and discussion 

Model analyses and satellite observations show that on September 9, 
2019 a cut-off low detached and isolated from the general circulation at 
medium and high levels in the North of the British Isles. One of the 
factors that explains the dropping of this low is the disturbance caused in 
Newfoundland by Hurricane Dorian as the system moved north down-
stream over the western flow at medium and high levels of the 
troposphere. 

Fig. 3 shows AEMET’s National Prediction Center technical fore-
casting guides (left) for September 11, 12 and 13, and the geopotential 
and 500 hPa temperature fields from the HRES-IFS (right). The diag-
nostic guide is drawn by the forecasters using the IR 6.2 μm data, which 
provide a day and night picture of the cloud cover and show the higher 
tops of the clouds. The forecasters identify the low-pressure centers, the 
thoughts and the fronts using image interpretation techniques. Both 
sides of Fig. 3 show two different perspectives of the evolution of the 
low, which developed from a cold (− 20 ◦C) vortex over the Balearics. 
The ridge off the NW of the Portuguese coast responsible for the blocking 
is apparent in both the upper-level water vapor imagery and in the 
ECMWF analyses. The unusually long stationarity of the low (48 h) and 
the induced, extremely humid westerly flow from a warm Mediterra-
nean, resulted in a low-level atmospheric river that fueled the system 

Fig. 3. Diagnostic guides of the event: IR (6.2 μm) satellite imagery with superimposed forecaster diagnostics (left column) and ECMWF’s ENS-IFS (0.25◦) analyses 
(geopotential and 500 hPa temperature, right column). 
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Fig. 4. 10-min pluviographs for four selected stations and 30-min IMERG estimates. Time runs from 00:00 UTC September 12 till September 15, 00:00 UTC.  
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and yielded the high intensities of precipitation of the episode. 
Throughout Tuesday, September 10th, the low advected from north 

to south through the east of the Iberian Peninsula bringing heavy rainfall 
to the island of Mallorca. Subsequently, the low continued its advection 
towards the south, remaining stationary the 12th and the 13th over the 
southeast of the Peninsula (Fig. 3). This particular location was due to 
the existence of an extensive blocking dorsal over Western Europe at 
mid-levels. That prevented the low from moving north and joining the 
general flow. This blockage contributed to the long persistence and high 
intensity of precipitation, especially in Murcia and the south of Alicante 
provinces. These were the areas most affected by the event (Fig. 4). 

Four different prediction systems were available to the forecasters in 
the actual, real-time management of the storm: two regional models for 
the short range (HARMONIE-AROME and γ-SREPS), and the HRES-IFS 
and the ENS-IFS ensemble (Molteni et al., 1996) for the medium 
range. According to these systems the most severe situation was ex-
pected in the southeastern areas of the country for Thursday, September 
12th. Specifically, southern Valencia province and wide areas of Ali-
cante and Murcia provinces were very likely to endure heavy showers, 
thunderstorms, and torrential rains (intensities over 60 mm/h for 
Friday, the 13th). Persistent precipitations (accumulations over 200 mm 
in 12 h) were also forecasted for the area. 

Following the protocol, forecast guidance and early warnings were 
issued by AEMET’s ‘Severe Weather Forecasting and Watch National 
Plan’ twin tools, namely ‘Meteoalerta’ and ‘Meteoalarm’ (EUMETNET, 
2006). Meteoalarm was built for the purpose of providing the most 
relevant information needed to prepare for extreme weather and oper-
ates within the Meteoalarm European framework (www.meteoalarm. 
eu). Given the critical severity of the forecasts and according to 
Meteoalarm rules, special warning reports were issued from Sept 9th 
and updated regularly up till Sept. 12th. They contained a description of 
the phenomenon and estimates of timing and probability (which was 

above 80% i.e. very high), as well as an indication of the severe weather 
events expected to occur at the surface. 

Early warning maps were regularly updated at the AEMET website 
(www.aemet.es) on September 11th, 12th and 13th. For several areas of 
Valencia, Alicante and Murcia, the first orange warning was issued on 
Sept. 9th at 2150 UTC (valid for September 12th) for 40 mm/h accu-
mulation and 100 mm/12 h. The first red warning was issued on Sept. 
11th at 0929 UTC (valid for September 12th) for 90 mm/h (70 mm for 
Murcia) and 180 mm/12 h (200 mm for Murcia). A number of additional 
orange and red warnings were updated on September 9–12 for the 
12th–13th. 

The episode was correctly forecasted by the EFI. Fig. 5 shows 
September 12 (left) and 13 (right) forecasts for the next 36 h. The most 
damaged areas were precisely identified, with EFI values greater than 
0.9. Fig. 6 shows that the ‘Point Rainfall’ product was also precise. The 
results depict the cumulative Distribution Functions (CDF) for the latest 
10 passes of the ENS-IFS model for 24 h accumulations over the city of 
Murcia (pinpointed in the map) for day 12. The x-axis (Fig. 6, bottom) is 
for the precipitation values while the y-axis indicates the probability of 
the forecast being below that value. The red line indicates the final pass. 
The median is close to 100 mm/24 h. The increase in the slope of the 
curve is indicative of increased reliability over previous passes and de-
notes highly predictability. The ensemble is made of 50 + 1 members, 
thus encompassing a large uncertainty in the predicted accumulated 
precipitation. 

Fig. 7 compares the IMERG (“Early”) instantaneous satellite esti-
mates (right) at four key moments of the event with the corresponding 
ground radar images (left). The agreement is noticeable in the location 
of the precipitation. Regarding intensity, only a qualitative assessment 
can be made as the national radar network uses a fixed Marshall and 
Palmer Z/R relationship that precludes a more detailed comparison. The 
actual relationship is Z = 200R1.6, where Z (mm6 m− 3) is the reflectivity 

Fig. 5. Extreme Forecast Index (EFI) in the last 24 h (color) and Shift of Tails (SOT, black contours) from the ECMWF ENS-IFS (0.25◦). Left: 20190910 at 12 UTC H +
36 forecast, valid for 20,190,912 at 00 UTC. Right: 20190911 at 12 UTC H + 36 forecast, valid for 20,190,913 at 00 UTC. 
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factor and R (mm/h) is the rainfall rate. The coefficient and the exponent 
are representative of stratiform precipitation, which is certainly not the 
case here. 

Fig. 8 illustrates the evolution of the episode using the IMERG. The 
fine spatial resolution and the frequency of the estimates is especially 
useful outside the radar coverage as the storm developed over the 
Mediterranean. The 30 min estimates are also useful to assist the fore-
casters in operations, giving more or less credibility to the several model 
outputs and thus guiding the nowcasting. 

The quantitative evaluation for accumulated values as provided by 
the satellites can be assessed by comparing with AEMET’s rain gauge 

analyses (Fig. 9, right). The IMERG accumulations (Fig. 9, middle) are 
consistent in pattern considering the interpolation effects in the fields 
due to the sparseness of the ground network. Overall, the satellite esti-
mate identifies the areas of maximum precipitation, and shows a good 
visual agreement with the pattern of the surface observations. This is 
consistent with previous findings: the daily correlation of the IMERG 
Final estimates (the best IMERG product, produced about 3 months after 
the satellite data is first available) and AEMET observations over Spain 
(March 2014 to May 2017) is R2 = 0.77, with little bias (Fig. 11, linear 
regression line for daily data: AEMET = 1.062*IMERG-0.137, Tapiador 
et al., 2020; for TMPA the correlation is 0.79 R2 and the regression 

Fig. 6. (top) ECMWF’s Point Rainfall probability for 12 h precipitation exceeding 10 mm in Murcia city for the period September 12, 18 UTC to September 13, 06 
UTC (middle) Extreme forecast index (EFI) for 24 h total precipitation (mm) in Murcia city. Base date: Sep 12, 00 UTC. Valid for +24 h, from Sep 12, 01 UTC to Sep 
13 at 00 UTC. (bottom) Corresponding ENS cumulative distribution function (CDF). The latest value is the red line. 
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Fig. 7. Ground radar estimates of rainfall (left) and satellite estimates (right) for four selected times in the episode.  
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AEMET = 1.089*TMPA-0.188). However, the IMERG Final product in-
cludes monthly surface gauge information that aids in reducing the bias. 
Indeed, the correlations between the IMERG-Final estimates and rain 
gauges depend only on the performances of the IMERG regression 
method: for the actual location of the rain gauges they should be the 
same. On contrast, the IMERG-Early product uses only satellite infor-
mation. Therefore, the performances of IMERG-Early are intrinsically 
worse than for IMERG-Final, as shown below. However, this is the 
product that could be used for real-time monitoring and real-time hy-
drological calculations. 

As has already been seen in Fig. 4, the IMERG estimates catch the 
individual rain events, but the estimates vary from case to case, with 

some higher and some lower in terms of final accumulation. Matching 
individual gauges with the 0.1 degree latitude-longitude IMERG grid at 
30-min. Intervals provides a high degree of uncertainty. Using a daily 
total and many stations helps to define the quantitative relation between 
the IMERG-Early estimates and the AEMET observations. Fig. 10 shows 
these results for the three key days of this flooding event. Despite the 
time accumulation up to a day there is still a very large scatter. A number 
of AEMET stations have daily totals of over 150 mm. IMERG has even 
more matched points with values over that value, although most of such 
points are not co-located with the large gauge values. This variability is 
not surprising considering the spatial variance of convective rainfall. As 
can be seen from the daily plots, in general IMERG is providing an 

Fig. 8. Instantaneous precipitation estimates from the GPM satellites (IMERG-E product) every 3 h.  

F.J. Tapiador et al.                                                                                                                                                                                                                             



Atmospheric Research 257 (2021) 105588

11

overestimate of values compared to the gauge measurements. This 
overestimate tendency is noticeable even near origin with relative light 
rainfall amounts (e.g., < 20 mm in AEMET). Overestimates are also 
evident at higher amounts. Combining all three days, the overall bias (E 
[IMERG]-E[AEMET]) for IMERG is 5.71 mm, with a bias ratio (E 
[IMERG]/E[AEMET]) of 2.06. This analysis is for one case and addi-
tional validation for additional intense rain events is necessary, but it is 
clear that there is room for improvement in the algorithm. 

The usefulness of the high spatial resolution estimates over both land 
and sea is also exemplified by inspection of the 0.5◦ Climate Prediction 
Center (CPC) gauge analysis (Fig. 9, left). Despite the fact that the pre-
cipitation patterns are identified, the limited number of rain gauges used 
by this product and the coarse resolution is clearly insufficient to be 
compared with IMERG and AEMET rain gauges. Fig. 11 illustrates this 
point for the area of interest. The required interpolation for grids 
without CPC gauges makes the precipitation field artificially smooth to 
ascertain how well IMERG represents the actual precipitation, which is 
better featured by AEMET denser network. 

Overall, the IMERG compares well with the pattern of the observa-
tions for this particular extreme hydrometeorological event, but with a 
considerable overestimation. This still confirms the usefulness of an 
IMERG-type product for nowcasting, considering the demanding spatial 
and temporal resolution required. There is an instance, however, in 
which IMERG and ground data appear to differ in and that is in the city 
of Orihuela (Fig. 12). This case is interesting as it shows one of the issues 
affecting satellite precipitation estimates. Expert analysis by AEMET 
meteorologists indicate that fast dynamics and deep convection pro-
duced noticeable wind gusts and large hail that feature conspicuously in 
radar images. However, precipitation lasted just 10 min over Orihuela 
station and produced only moderate accumulations. A direct translation 

of those radar reflectivities into precipitation severely overestimates the 
total precipitation, artificially converting high reflectivities into high 
rainfall rates. Comparison of the accumulated totals for the high-quality, 
10-min gauge data for this location and the stations featured in Fig. 4, 
and careful examination of the records of the station indicate that the 
rain gauge is correct. Both ground radar and the IMERG overestimated 
the amount, resulting in the conspicuous peak of Fig. 12 (bottom) at 03 
UTC September 14th, where a noticeable discrepancy is visible. Overall 
at this station IMERG final and the gauge estimates are very close at the 
end of the event. Another interesting disagreement is Escorca station in 
the Balearics (Fig. 4, bottom row). In this case, the difference is attrib-
utable to local topographic effects as the station is located in a narrow 
valley surrounded by highly contrasted terrain. 

Streamflow, streamflow above flood threshold and flood detection/ 
intensity estimates from the GFMS (Fig. 13) are consistent with the 
observed effects of the episode (Fig. 2) and helps identifying which areas 
have been more affected by the storm. Indeed, the highest values in the 
flood detection/intensity plot correspond with the most affected areas 
(Figs. 1 and 2). IMERG rainfall estimates are the primary input to the 
GFMS hydrological calculations and the apparent overestimation as 
compared to gauges should produce overestimates in streamflow and 
flood parameters. However, the location and clear significance of the 
event are obvious in the calculations, especially in locations with sparse 
coverage of raingauges, radar, or streamgauges. 

Extreme precipitation events in semi-arid areas of the planet such as 
southeastern Spain are expected to become more frequent under 
increasing global warming conditions. These projections, however, do 
not always translate directly into infrastructure decisions. Fig. 14 de-
picts the official flood risk areas delineated by the Ministry for the 
Ecological Transition. In spite of the known risks (cf. Valenzuela et al., 

Fig. 8. (continued). 
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2018), human constructions have traditionally occupied the riverbeds 
and riverbanks, most of which are today heavily urbanized. The struc-
ture of the settlements, and not only increased frequency or intensity of 
precipitation, is a major risk factor and the main cause of casualties and 
damages. Early alerts and forecasts can help palliating the losses, but 
intelligent planning and law enforcement would be more effective to 
minimize the mounting costs of severe weather in the Mediterranean. 
The reasons behind people building in flood risk areas are complex and 

include irrational behavior, necessity and opportunism, so a compre-
hensive and intelligent approach in required to enforce sustainable 
development in such areas. 

4. Conclusions 

In nowcasting operations, it is really important to look at the data to 
evaluate if the models are forecasting correctly. Even in the cases the 

Fig. 9. Daily accumulations (mm) for CPC rain gauges (left), the GPM satellites estimates (IMERG, middle) and AEMET’s rain gauges. Units are mm/day.  
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models are very good such as the one presented here forecasters need to 
validate with actual events. Here, it has been shown that the IMERG 
early product can provide a correct indication of the major features of 
the event, including precipitation patterns. 

Indeed, satellite data are increasingly useful for the analysis of 
extreme hydrometeorological events (Levizzani and Cattani, 2019; 
Michaelides, 2013, 2019). Since 2014, the GPM constellation has been 
providing more detailed and frequent estimates of precipitation. Inte-
gration of these into even simple hydrological models produces esti-
mates of streamflow and flood intensity that are useful not only for rapid 
response but also for planning. 

The IMERG compares well with observations in general for the major 
2019 September floods in Spain. This is true especially in terms of 
pattern and timing, although the IMERG-Early (satellite data only) ap-
pears to overestimate the rainfall for this event. More general validation 
of IMERG and similar products, especially for intense rain events should 
be a focus for the future to understand the variability and limitations of 
satellite-based precipitation estimation techniques and to point the way 
for improvements. Another major issue which is observed in this case is 
the misinterpretation of localized and short duration high reflectivities 

Fig. 10. Comparison of the daily IMERG Early estimates and the accumulated 
values for each one of the 706 automatic, 10 min sampling stations from 
AEMET. The p-value is a two-sided p-value of Pearson correlation coefficient r 
and indicates the probability of an uncorrelated system producing data that 
have a Pearson correlation at least as extreme as the one computed from these 
datasets (i.e. negligible in these cases). 

Fig. 11. (top) Rain gauge distribution for the area of interest and (bottom) 
scatterplot of the daily IMERG estimates and AEMET observations for the 
period March 2014 to May 2017 over the whole country (from Tapiador 
et al., 2020). 
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due to hail that are propagated by the algorithm and result in too much 
rain over extended areas. More research on the effects of deep convec-
tion over land would certainly improve the capabilities of the constel-
lation in severe weather. Mismatches in mountain areas also feature in 
this study case, highlighting the importance of orography in precipita-
tion research and the difficulties of precisely determining by satellite the 
exact amount of rainfall in narrow valleys. 

Our study focuses on a single event so no general conclusions can be 
drawn on the overall utility of satellite data for analyzing extreme 
events. For our case, however, the GFMS provides an accurate picture of 
the evolution of the event. While the GFMS was not directly used for the 
management of the storm in this case, the results are coherent enough to 
state that the GFMS can be a useful tool for rapid response to floods in 
many countries, especially where conventional coverage is lacking. 

Fig. 12. (top) Instantaneous ground radar (top, left) and GPM (top, right) estimates for September 14 at 03:00 UTC over Orihuela. (bottom) Time series of 10 min 
rainfall, 30 min IMERG estimate and accumulated precipitation as measured by the Orihuela station (Lon: − 0.944, Lat: 38.084) and the IMERG, from September 12, 
00:00 to September 15, 00:00. 
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Regarding the use of satellite data, the GPM Core Observatory with the 
directness of the DPR provides possibilities to improve the estimated 
rain that goes into the hydrological model and provide more accurate 
flood information. 

To conclude, it seems that the integration of satellite estimates with 
numerical forecasts is unavoidable. At the end, a major goal is to be able 

not only to observe but to predict severe hydrometeorological episodes. 
While completely automated (unassisted nowcasting techniques) are 
still in development forecasts from NWP models are becoming consistent 
enough to permit to launch alerts well in advance. The current limita-
tions in terms of timing and precise location of the extreme precipitation 
events, and the fear to false alarms should not preclude communicating 

Fig. 13. Stream flow at 12 km resolution (top), streamflow above flood threshold (middle), and flood detection/intensity (bottom) for 5:00–6:00 UTC, September 13.  
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the risks to decision makers so such information is used in operations. 
Guidance by satellite products such as IMERG can assist in a task of clear 
societal interest. 

Indeed, short-term predictions based on satellite data are funda-
mental for societal readiness on these extreme events, but the role of 
nowcasting and expert judgment is still critical. The interpretation of 
dissimilar and sometimes conflicting data (such as ensemble member 
outliers, or anomalous reflectivities) depends on a judicious choice 
based on experience and familiarity with the dynamics of the area. With 
new advances in nowcasting coming from artificial intelligence tech-
niques more automated procedures can be envisioned. Improvement in 
model resolution will certainly help. As we approach the ‘model singu-
larity’, i.e. the point in which models will catch up with observations in 
terms of spatial and temporal resolution, accuracy and precision, less 
and less human interaction and subjective evaluation will be required. 
However, expert judgment in severe weather episodes risking life and 
property is unlikely to be replaced by algorithms in the near future. The 
task of issuing warnings and alerts is a delicate mix of sometimes con-
flicting and blurry requirements, and at the end tanking action involves 
both policy decisions and accountability. 
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