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Abstract. Distinction between drought and aridity is crucial to understand water scarcity processes. Drought indices are used for drought identification and drought severity characterisation. The Standardised Precipitation Index
(SPI) and the Palmer Drought Severity Index (PDSI) are the
most known drought indices. In this study, they are compared with the modified PDSI for Mediterranean conditions
(MedPDSI) and the Standardised Precipitation Evapotranspiration Index (SPEI). MedPDSI results from the soil water balance of an olive crop, thus real evapotranspiration is
considered, while SPEI uses potential (climatic) evapotranspiration. Similarly to the SPI, SPEI can be computed at
various time scales. Aiming at understanding possible impacts of climate change, prior to compare the drought indices, a trend analysis relative to precipitation and temperature in 27 weather stations of Portugal was performed for the
period 1941 to 2006. A trend for temperature increase was
observed for some weather stations and trends for decreasing
precipitation in March and increasing in October were also
observed for some locations. Comparisons of the SPI and
SPEI at 9- and 12-month time scales, the PDSI and MedPDSI were performed for the same stations and period. SPI
and SPEI produce similar results for the same time scales
concerning drought occurrence and severity. PDSI and MedPDSI correlate well between them and the same happened
for SPI and SPEI. PDSI and MedPDSI identify more severe
droughts than SPI or SPEI and identify drought occurrence
earlier than these indices. This behaviour is likely to be related with the fact that a water balance is performed with
PDSI and MedPDSI, which better approaches the supplydemand balance.

1

Introduction

Drought is a natural feature of climate and occurs in almost
all climatic regions with varying frequency, severity and duration (Wilhite, 1993). It can be defined as a temporary imbalance of water availability consisting of a persistent lower
than average precipitation of uncertain frequency, duration
and severity, of unpredictable or extremely hard to predict
occurrence, resulting in diminished water resources availability (Pereira et al., 2009). Drought is both a hazard and
a disaster; a hazard because it is an accident of unpredictable
occurrence, part of the naturally variable climate system; disaster because it corresponds to the failure of the precipitation
regime, causing the disruption of the water supply to the natural and agricultural ecosystems as well as to other human
activities. Drought definitions are many and often are related
with specific drought impacts on economic activities, ecosystems, and society and water management issues (Dracup et
al., 1980; Yevjevich et al., 1983; Wilhite and Glantz, 1987;
Tate and Gustard, 2000). Differences in perception is a main
problem of water management for drought (Grigg and Vlachos, 1990). There is a delay between precipitation failure and both the perception of drought and drought effects,
shorter for crops and vegetation at their critical growth periods and longer for subsurface reservoirs. The drought onset
is slow and difficult to perceive as a true drought initiation.
Often, drought ending is also slow and drought effects persist
after the causes have vanished. High temperatures and high
evapotranspiration rates can aggravate drought effects.
Unlike drought, aridity is a permanent climatic feature corresponding to an imbalance in water availability consisting
in low average annual rainfall, with high spatial and temporal variability resulting in overall low moisture and low
carrying capacity of the ecosystems (Pereira et al., 2009).
Aridity may be expressed through climatological indices,
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often defined through a precipitation/evapotranspiration ratio (Arora, 2002; UNEP, 1992). The long-term average of
the aridity indices computed on a yearly basis quantifies the
degree of climatic dryness of a region. However, those ratios can be computed on a monthly basis to define a drought
index, e.g. the RDI (Tsakiris et al., 2007). Vicente-Serrano
et al. (2010b) used precipitation minus potential evapotranspiration (P–ET) to assess yearly changes in the degree of
aridity, which they referred as aridification.
Drought indices evaluate the departure of climate variables
in a given time interval (month, season or year) from the
“normal” conditions and are used as monitoring tools and operational indicators for water managers. Several drought indices have been developed, most of them based only on precipitation, some based on precipitation and evapotranspiration (ET), and others referring to runoff and vegetation conditions (Heim, 2002). Keyantash and Dracup (2002) evaluated
the performance and tractability of the most used drought indices, whereas Mishra and Singh (2010) reviewed drought
concepts and compared drought indices.
The Palmer Drought Severity Index, PDSI (Palmer, 1965)
and the Standardized Precipitation Index, SPI (McKee et al.,
1993, 1995), are widely used in drought monitoring and
have been tested worldwide. The Standardised Precipitation Evapotranspiration Index (SPEI) includes precipitation
and potential evapotranspiration (PET) in its formulation; it
may express the water supply-demand relation and may accommodate climate change influences (Vicente-Serrano et
al., 2010a). Differently, the MedPDSI, which is a modification of the PDSI for Mediterranean conditions, was developed to adopt an updated formulation of the water balance
and to consider real evapotranspiration instead of PET, thus
approaching better the behaviour of natural and man-made
ecosystems in terms of water supply-demand (Pereira et al.,
2007; Pereira and Rosa, 2010).
This study aims at assessing the behaviour of the SPI,
SPEI, PDSI and MedPDSI indices throughout Portugal and
comparing them using data from several weather stations located in regions with different aridity. Moreover, to better
understanding results, precipitation and temperature trends
in Portugal in the period 1941–2006 were investigated.
2
2.1

Material and methods
Data

This study was applied in Portugal, using monthly records
of precipitation and maximum and minimum air temperature
from 27 weather stations belonging to the state meteorological agency, IM, concerning the common period 1941–2006
(Fig. 1).
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Fig. 1. Locations of the weather stations with identification of those
used as examples in this paper.

The quality of annual precipitation records was investigated through non-parametric tests. Randomness, homogeneity and absence of trends were tested using the Kendall
autocorrelation test, the Mann-Kendall trend test, and the
homogeneity tests of Mann-Whitney for mean and variance
(Helsel and Hirsch, 1992). When the hypothesis of homogeneity fails (significance level 0.05), each month of the series was corrected by the method of cumulative residuals (described by Allen et al., 1998) using as reference nearby homogeneous data sets and considering a confidence level of
80 % (Rosa et al., 2010b). The missing data for either precipitation or the maximum and minimum temperature were
estimated from nearby stations using either linear regression
or MOVE linear models (Hirsch, 1982; Vogel and Stedinger,
1985; Helsel and Hirsch, 1992), which preserved the variance and order statistics of the completed series when more
than 5 % values were missing (Rosa et al., 2010b).
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Table 1. Coordinates and altitude of the weather stations used in this study, respective aridity index and precipitation and temperature trends.
Stations

Alcacer do Sal
Alvalade
Alvega
Amareleja
Beja
Braga
Bragança
Cabo Carvoeiro
Cabo da Roca
Coimbra/Bencanta
Elvas
Evora
Faro Aeroporto
Lisboa (Geofisico)
Miranda do Douro
Mirandela
Montalegre
Mora
Penhas Douradas
Pinhao (Santa Barbara)
Portalegre
Porto−Serra do Pilar
Regua
Sagres
Setubal
Vila Real de S. Antonio
Viseu

2.2

Latitude

38.38
37.95
39.47
38.22
38.02
41.55
41.80
39.35
38.78
40.20
38.88
38.57
37.02
38.72
41.52
41.52
41.82
38.93
40.42
41.17
39.28
41.13
41.17
37.00
38.52
37.18
40.67

Longitude

Altitude

−8.52
−8.40
−8.05
−7.22
−7.87
−8.40
−6.73
−9.40
−9.50
−8.42
−7.15
−7.90
−7.97
−9.15
−6.28
−7.20
−7.78
−8.17
−7.55
−7.55
−7.42
−8.60
−7.80
−8.95
−8.90
−7.42
−7.90

51
61
51
192
246
190
691
32
142
107
208
309
7
77
693
250
1005
110
1380
130
597
93
65
25
35
7
443

Methods

Trends in monthly, seasonal and annual precipitation and
mean air temperature were investigated through the MannKendall original and modified trend test (Hamed and Rao,
1998), which accounts for temporal autocorrelation and
has already been applied in drought indices trend detection (Sousa et al., 2011). A significance level of 0.05 was
adopted. When significant, the magnitude of the existing
trend was estimated with the Sen slope estimator (Sen, 1968;
Helsel and Hirsch, 1992; Huth and Pokorná, 2004).
Various aridity indices were developed, mainly relating
potential evapotranspiration (PET) and precipitation (P). Using the UNEP index (UNEP, 1992), regions were classified
from hyper-arid to humid; however different classification
limits may be used according to the selected PET equation,
which refers to specific objectives of aridity quantification
(Arora, 2002). The UNEP aridity index, given by the average of annual P/PET ratio over several years, was computed
for the 27 weather stations in the period 1941–2006 (Table 1). PET was estimated from the Penman-Monteith refwww.nat-hazards-earth-syst-sci.net/12/1481/2012/

Aridity
Index

Precipitation trend
(mm yr−1 )

Mean temperature trend
(◦ C yr−1 )

1941–2006

Mar

Oct

Aug

0.409
0.377
0.484
0.347
0.415
1.286
0.637
0.856
0.700
0.715
0.391
0.543
0.450
0.696
0.494
0.364
1.547
0.435
2.080
0.453
0.797
1.206
0.660
0.547
0.571
0.389
0.886

−0.883
−0.700
−1.114
−0.746
−1.009
−1.518
−0.742
−0.597

0.885

0.025

−0.900
−1.005
−1.277
−0.789
−0.998
−0.548
−0.500
−1.406
−1.012
−2.150
−0.756
−1.293
−1.070
−1.251
−1.100
−0.597
−1.450

1.160
0.581
0.552
1.577
0.693
0.840
0.870
1.135

0.912
0.900
0.700
2.088

0.013
0.018
0.023
0.026
0.018
0.033
0.022
0.020
0.020

Dec

0.015

0.029
0.018
0.016
0.019
0.015
0.021
0.025

0.016
0.024

1.014

0.020
0.012
0.016
0.010
0.019
0.015
0.017
0.011
0.011
0.012
0.010

0.030

0.028

0.021
0.012
0.015

0.025
0.039
0.043
0.025

0.022
0.026

0.014
0.025
0.014
0.014
0.011
0.022

1.464
0.846
1.343

Year

0.033

0.019
0.025

erence ET computed with the temperature approach (Allen
et al., 1998). The locations were then classified as semi-arid
(0.2 < P/PET <= 0.5), sub-humid (0.5 < P/PET < = 0.75) or
humid (P/PET > 0.75).
In this study, the drought indices SPI, SPEI, PDSI, and
MedPDSI are compared. The SPI is based on the probability
distribution of the precipitation, usually the two-parameter
gamma distribution (McKee et al., 1993). It only needs precipitation as input data, can be computed in multiple time
scales, and is a normalised index allowing comparability
over time and space. The SPI has been applied successfully
in Portugal for drought identification (Paulo and Pereira,
2006) and prediction of drought class transitions (Paulo and
Pereira, 2008; Moreira et al., 2008).
The SPEI is based on the probability distribution of the
difference P–PET cumulated over different time scales and is
normalised following the SPI drought classification (VicenteSerrano et al., 2010a). The authors chose the L-moment
parameter estimation and the log-logistic distribution as the
one that best fits cumulated P–ET for 3 to 18 month time
scales. Its possible sensitivity to climate change was the
Nat. Hazards Earth Syst. Sci., 12, 1481–1491, 2012
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Fig. 2. Scatterplots of SPI-9, MEDPDSI and PDSI vs. SPEI-9month in Amareleja, Setúbal and Montalegre computed for the period 1941–
2006.

reason for its consideration in this study. The difference P–
PET is referred to as a climatic water balance, where monthly
PET was computed with the Thornthwaite equation (Thornthwaite, 1948).
The PDSI (Palmer, 1965) is based on the supply-anddemand concept of the soil water balance applied to a twolayer soil model using monthly precipitation and PET data.
The index bases upon the calculation of the moisture departure between actual precipitation and the precipitation expected to occur for the average conditions of the climate,
which implies performing a monthly water balance and the
calibration of local monthly coefficients for the various terms
of the soil water balance. In addition, the calibration of the
index is required at local or regional level. The PDSI values depend upon the available soil water capacity (AWC) of
Nat. Hazards Earth Syst. Sci., 12, 1481–1491, 2012

the underlying layer, on the PET method when different of
the original Thornthwaite equation, and on the calibration
procedures adopted (Alley, 1984; Karl, 1986). Good results
have been obtained with the method worldwide. However,
the method has limitations as pointed out by several authors
(e.g. Alley, 1984; Guttman, 1997; Heddingaus and Sabol,
1991). The limitations relate to the soil water balance procedure, the impacts of selecting a given PET equation, the empirical equation used to obtain the moisture anomaly index,
the empirical coefficients of the recursive equations relating
the moisture anomaly index with the three intermediate indices that express the severity of a wet/dry category, and the
backtracking procedure to choose the actual PDSI from one
of the three indices.
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Table 2. Pearson correlation coefficient between monthly values of drought indices in selected stations representing different climates
(1941–2006).
Climatic region and

Semi-arid

location
Aridity index

Sub-humid

Humid

Amareleja

Mirandela

Setubal

Bragança

Montalegre

Penhas Douradas

0.347

0.364

0.571

0.637

1.547

2.080

MedPDSI

PDSI
SPEI-9
SPEI-12
SPI-9
SPI-12

0.876
0.801
0.792
0.809
0.799

0.929
0.831
0.801
0.838
0.803

0.813
0.765
0.734
0.763
0.733

0.938
0.777
0.729
0.759
0.708

0.941
0.747
0.689
0.741
0.679

0.960
0.732
0.684
0.733
0.683

PDSI

SPEI-9
SPEI-12
SPI-9
SPI-12

0.825
0.823
0.793
0.791

0.851
0.840
0.821
0.810

0.757
0.741
0.759
0.741

0.802
0.758
0.779
0.733

0.763
0.698
0.752
0.685

0.751
0.695
0.750
0.692

SPI-12
SPI-9

SPEI-12
SPEI-9

0.941
0.931

0.953
0.949

0.970
0.966

0.980
0.978

0.991
0.990

0.995
0.994

To overcome some of these limitations and to improve
adherence of the index to regional conditions, the original
method was modified to develop a new index well adapted
to Mediterranean conditions, the MedPDSI (Pereira et al.,
2007). The soil water balance is performed with the model
ISAREG (Liu et al., 1998), thus replacing the former twolayer computation by a soil that represents an agricultural
soil cropped with a rainfed olive orchard. The reference ET
(ETo ) defined by the FAO Penman-Monteith equation is used
and is computed from the maximum and minimum temperature (Allen et al., 1998). Non-stressed crop ET (ETm ) is computed with an appropriate crop coefficient (Kc ) as ETm = Kc
ETo . The value of Kc is that for rainfed olives and varies
for each month and with the available soil water and rainfall
(Pereira et al., 2007; Pereira and Rosa, 2010a). The soil water balance model computes the real evapotranspiration, ETa
as follows: ETa = ETm in non-stress conditions, i.e. when
the soil water is above a non-stress threshold; ETa < ETm
and ETa decreases as the soil loses water when the soil water content is below the non-stress threshold (Pereira et al.,
2007). The procedures used for computation of the indices
follow those described by Alley (1984) and Karl (1986) as
analyzed by Rosa et al. (2010a). The calibration for both
PDSI and MedPDSI consisted in the computation of the climatic characteristic and the empirical coefficients of the recursive equations relating the moisture anomaly index with
the final drought index. The climatic characteristic was estimated following Ntale and Gan (2003). The recursive equations were calibrated locally for both humid and dry conditions (Rosa et al., 2010b).
The comparison of pairs of drought indices used graphic
approaches and descriptive statistics such as an intercomparison of indices relative to each location using the
Pearson correlation coefficient (Chambers et al., 1983;
Draper and Smith, 1998).
www.nat-hazards-earth-syst-sci.net/12/1481/2012/

3
3.1

Results
Trend analysis for precipitation and temperature

To better understand the behaviour of the SPI, SPEI, PDSI,
and MedPDSI indices throughout Portugal, and sprecifically
to verify if drought indices using PET instead of real ET
could be adequate to foresee impacts of climate change, a
trend analysis for monthly precipitation and temperature was
performed for all weather stations in the period 1941–2006.
In addition, an aridity index was calculated for all stations
and the same period. The most relevant trends for precipitation and mean temperature, along with the the aridity index, are presented in Table 1; the coordinates and altitude
of the weather stations are also given there. Results for precipitation are contrasting, with decreases in March and increases in October. No annual trends were found and seasonal trends were not evident. The decreasing trend in March
is statistically significant in 25 out of the 27 stations analysed, with a median value of −1.0 mm yr−1 . The larger negative trends were observed for northern humid locations; the
largest (−2.2 mm yr−1 ) was identified for Penhas Douradas,
the station with highest altitude, 1380 m. In October, a significant positive trend was identified in 17 out of 27 stations,
ranging 0.6 to 2.1 mm yr−1 , with highest values for northern locations. The larger trend was observed for Montalegre
(2.1 mm yr−1 ), in a mountainous area of the North. These
findings are in agreement with former studies, e.g. de Lima
et al. (2010) and Sousa et al. (2011).
For the mean annual temperature, a positive significant
trend was detected in 21 out of 27 stations, with a median
value of 0.014 ◦ C yr−1 . No spatial trends were observed. The
highest increase was observed for Régua, located in the dry
region of Port wine production. The months with highest
increases are August and December, while the lowest were
Nat. Hazards Earth Syst. Sci., 12, 1481–1491, 2012
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Fig. 3. Empirical distributions of SPI-9, SPEI-9, MedPDSI and PDSI in Amareleja (semi-arid) and Montalegre (humid) computed for the
period 1941–2006.

observed for the spring and autumn months. In August a
positive significant trend was found in 17 out of 27 stations,
with a median value of 0.025 ◦ C yr−1 .
The aridity index varies from 0.347 at Amareleja up to
2.080 at Penhas Douradas, thus revealing that a locations’
climate varies from semi-arid to humid. Most locations have
a sub-humid climate. No significant relations were found between the aridity index and the climate trends observed. For
better developing the analysis of drought indices’ behaviour,
the stations selected for presentation in this paper refer to
Amareleja and Mirandela (semi-arid), Setubal and Bragança
(sub-humid), and Montalegre and Penhas Douradas (humid),
as shown in Fig. 1.
3.2

Drought indices comparison

As expected, the MedPDSI and the PDSI are highly correlated (Table 2). The correlation between SPI and SPEI in a
given time scale is also high. When considering the relation
between MedPDSI or PDSI and SPI or SPEI, there is a better
correlation for the 9-month rather than for the 12-month time
scale. The correlation coefficients between PDSI(MedPDSI)
and SPI(SPEI) are higher for semiarid locations than for humid ones. This may be due to the fact that SPI and SPEI are
normalized indices while PDSI and MedPDSI are influenced
by the climate since they result from a soil water balance.
Thus, there is not symmetry in the frequencies of negative or
positive values of these indices, and this asymmetry is higher
for humid climates, which causes their correlation with the
normalized SPI and SPEI to decrease. This is influenced by
Nat. Hazards Earth Syst. Sci., 12, 1481–1491, 2012

the way PDSI and MedPDSI are calibrated: when calibration
focuses on the wettest and driest events, as in this application,
the asymmetry is expected to increase; if they are calibrated
to satisfy a symetric distribution, the asymmetry decreases
and the correlation coefficients may become larger.
Scatter plots of SPI vs. SPEI in a 9-month time scale,
MedPDSI vs. SPEI-9 and PDSI vs. SPEI-9 are presented
in Fig. 2 for Amareleja (semi-arid), Setubal (sub-humid),
and Montalegre (humid). The drought severity classification is the same for PDSI and MedPDSI, whose scale is
approximately twice that adopted for SPI and SPEI. When
comparing SPI and SPEI, it can be observed that scattering decreases from the most dry location (Amareleja) to the
wettest one (Montalegre), i.e. the similitude between SPI
and SPEI monthly values is higher for humid conditions.
This was also verified by Raziei et al. (2011). What is remarkable is that extreme negative values of SPI, indicative
of high drought severity, do not have a correspondence in
SPEI values, which are hardly lower than −2 (Fig. 2). It
was observed, mainly for humid locations like Montalegre
(Fig. 2), that the relationship between SPI and SPEI (for 9
and 12 months time scale) is not linear but takes an S shape,
thus indicating that the values referring to both very wet and
very dry conditions are not identified by values much above
2 or much below −2. This relates to the fact that the variable of interest in SPEI is P–PET, which behaves differently
from P, the variable of interest in SPI. In addition, the distribution functions used may influence the results as analysed by Sienz et al. (2011) relative to SPI. The relationships
www.nat-hazards-earth-syst-sci.net/12/1481/2012/
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Fig. 4. Frequency of time (%) in each dry or wet category of MedPDSI, PDSI, SPEI-9, and SPI-9 in Amareleja, Setúbal and Montalegre,
1941–2006.

between MedPDSI or PDSI and SPEI-9 show a large scattering (Fig. 2) due to the backtracking procedure of computation of the drought severity index, mainly for the mild
drought or humid states (−2 < MedPDSI < 2). Despite this
dispersion making it more difficult to interpret the scatter
plots, it is apparent that there is also less correspondence between the lower and higher values of the PDSI (MedPDSI)
and those of SPEI, thus similar to what was observed when
comparing SPEI and SPI. The results comparing SPI with
PDSI and MedPDSI (not shown herein) show a similar scattering due to the backtracking calculation procedure but do
not evidence this behaviour relative to lower and higher values of the indices (Rosa et al., 2010a). The empirical distribution of the drought indices (Fig. 3) for Montalegre (humid)
and Amareleja (semi-arid) confirm that the values referring
to both very wet and very dry conditions are not identified
by SPEI in the same way as they are identified by SPI, PDSI,
and MedPDSI. The number of values much above 2 or below
−2 in the case of SPI, or much above 4 or below −4 in the
case of PDSI and MedPDSI, is clearly larger than those for
SPEI above 2 or below −2. The results for the other stations
are similar.

www.nat-hazards-earth-syst-sci.net/12/1481/2012/

The empirical distributions in Fig. 3 also show differences
between the semi-arid Amareleja and the humid Montalegre, with SPI identifying fewer extremely severe droughts
at Montalegre and fewer very wet occurrences at Amareleja.
Similar results are shown for PDSI and MedPDSI. However,
the empirical distribution curves of these indices are different from those of SPI (Fig. 3), particularly for index values between −2 and 2, due to the referred backtracking effects. Differently, the empirical distribution relative to SPEI9 shows a similar behaviour for Amareleja and Montalegre,
i.e. the index does not show sensitivity to climate differences
(contrary to what has been observed for Iran, Raziei et al.,
2011). This could be considered an advantage as a normalized index, but is not considering that the index may be less
reactive under the perspective of supply-demand, which apparently was the reason for its development.
The frequency of time in each dry or wet category, expressed as the percentage of months in a given category, is
shown in Fig. 4 for Amareleja, Setúbal, and Montalegre comparing the PDSI and the MedPDSI with both SPEI-9 and SPI9. It is apparent from these results (confirmed for other locations not shown here) that the SPI and SPEI, since they are
normalized indices, tend to have about the same frequencies
Nat. Hazards Earth Syst. Sci., 12, 1481–1491, 2012
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Fig. 5. Time series of SPEI-9 and MedPDSI (1941–2006) and of SPI, SPEI, PDSI, and MedPDSI in selected locations during the severe
drought of 2004–2006.
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Table 3. Results of the Mann-Kendall trend test applied to MedPDSI and SPEI.
MedPDSI

Alcacer do Sal
Alvalade
Alvega
Amareleja
Beja
Braga
Bragança
Coimbra/Bencanta
Elvas
Evora
Faro Aeroporto
Lisboa (Geofisico)
Mirandela
Miranda do Douro
Montalegre
Mora
Penhas Douradas
Pinhao (Santa Barbara)
Portalegre
Porto-Serra do Pilar
Regua
Setubal
Vila Real de S. Antonio
Viseu

SPEI

Trend test
statistic*

p value

Trend test
statistic

p value

0.553
−1.959
−2.125
−1.538
−0.769
−0.437
−2.059
1.478
−1.727
−2.490
−0.077
1.112
−0.210
−0.869
0.387
−3.210
−2.424
0.935
0.675
2.358
−0.498
−1.378
−1.527
−0.974

0.580
0.050
0.034
0.124
0.442
0.662
0.040
0.140
0.084
0.013
0.938
0.266
0.833
0.385
0.698
0.001
0.015
0.350
0.500
0.018
0.618
0.168
0.127
0.330

−0.334
−0.9
−0.532
−1.506
−1.053
−0.651
−1.546
0.142
−2.27
−2.242
−0.243
−0.447
0.413
−0.277
0.068
−2.491
−1.891
0.419
−1.132
0.968
−2.038
−0.674
−2.587
−0.209

0.738
0.368
0.595
0.132
0.292
0.515
0.122
0.887
0.023
0.025
0.808
0.655
0.679
0.781
0.946
0.013
0.059
0.675
0.257
0.333
0.042
0.501
0.010
0.834

* When the p-values < 0.05, there is a significant trend for droughts’ severity to increase if the statistics are negative; otherwise, to decrease.

for dry and wet conditions while the PDSI and MedPDSI
have shown a higher frequency in dry categories, mainly for
the semiarid locations. However, the behaviour of PDSI and
MedPDSI can be influenced by calibration. This may consist of a disadvantage of PDSI (MedPDSI). A greater number of extreme and severe drought/wet months are identified
with the PDSI and, mainly, the MedPDSI rather than with the
SPEI or SPI. These results reflect the fact that those indices
are obtained from monthly soil water balances, thus considering real ET instead of PET, and show the effects of the balance supply-demand better than just computing anomalies in
precipitation or P–PET.
The time variation of the indices SPEI-9 and MedPDSI
along the period 1941–2006 is presented in Fig. 5 for the
six selected locations; on the right are the courses of SPI-9,
SPEI-9, PDSI, and MedPDSI just for the drought of 2004–
2006, that struck the entire country quite severely. The comparison between SPEI-9 and MedPDSI shows that generally
there are few discrepancies between both indices throughout
these 66 yr, but lower and higher values are generally identified by MedPDSI and, particularly, drought conditions are
identified first by MedPDSI. This indicates that MedPDSI
may identify a presumable drought on-set earlier, which is
www.nat-hazards-earth-syst-sci.net/12/1481/2012/

an advantage for prediction of drought class transitions to
be used for drought warning. However, the analysis presented here does not allow us to say that true drought onsets were identified first. In case of the drought of 2004–
2006, there is evidence that both indices SPI and SPEI had
similar time dynamics, while PDSI and MedPDSI evolved
also as a different pair. Differences between pairs are influenced by their different scale categories. However, PDSI and
MedPDSI reacted more evidently than SPI and SPEI to the
precipitation anomaly because they were computed by a soil
water balance. This condition looks particularly interesting
when drought monitoring includes agriculture among the objectives of drought warning.
A Mann-Kendall trend analysis was performed for MedPDSI and SPEI-9 (Table 3). Results for MedPDSI show
more cases where the test statistics are significant, with 5
cases where droughts tend to aggravate and one case contrary to that trend, Porto, a humid location in the North
and close to the Atlantic Ocean. Results for SPEI show 4
cases where droughts tend significantly to aggravate. Only
two of those cases are common to both indices, Évora and
Mora. Identified but not significant opposed trends were observed for Alcácer, Lisboa, Mirandela, and Portalegre. It is
Nat. Hazards Earth Syst. Sci., 12, 1481–1491, 2012
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worth noting that, as observed for PDSI (Hu and Willson,
2000), MedPDSI is sensitive to temperature (and precipitation) trends as identified in Table 1. Moreover, the results
obtained agree with trends observed by Sousa et al. (2011).
4

Conclusions

Monthly and annual trends in precipitation and mean temperature from 27 weather stations spread over Portugal and the
period 1941–2006 were investigated. Significant trends for
annual temperature increase were detected in most locations
although not exceeding 0.25 ◦ C per decade; monthly trends
were not detected for spring and autumn months and higher
increases were observed for August and December. Significant but small trends for precipitation decrease in March
were detected in 25 out of 27 stations. Differently, an increase was detected in October in 17 stations and no annual
trends were found. It can be concluded that observed changes
are small overall.
Various drought indices were analysed focusing possible trends on droughts’ occurrence or severity: SPI, using
precipitation only, SPEI, using P–ET, and PDSI and MedPDSI that adopt a soil water balance to detect anomalies in
the supply-demand balance. A comparison was performed
among semi-arid, sub-humid, and humid locations. Correlations between pairs of indices have shown that MedPDSI
and PDSI correlate well, as well as SPI and SPEI; the former
show good correlations with SPI and SPEI at a 9-month time
scale. Analysing the frequency of time in dry or wet categories and the time evolution of drought indices, results show
that the MedPDSI and the PDSI identify severe and extreme
droughts more frequently than the SPI or SPEI. However, because they are not normalised indices, PDSI and MedPDSI
are shown to be negatively biased; this fact relates with their
calibration using data from extreme dry and wet events and
not searching for a probabilistic balance between dry and wet
events.
The SPEI identifies fewer extreme dry and wet values than
the other indices. Drought on-set is presumably identified
earlier with the PDSI and, mainly, with the MedPDSI. A
trend test applied to both the MedPDSI and SPEI data has
shown coherent results when comparing both indices. It is
worth noting that MedPDSI has been shown to be sensitive to
changes in temperature and precipitation that occurred during the last 66 yr. Despite MedPDSI requiring further statistical tests and a deeper analysis on alternative calibration
procedures (e.g. self calibration), the results allow hypothesizing that PDSI and MedPDSI are likely to identify better
the supply-demand dynamics and that they may be of great
interest for drought warning applications, aiming namely at
agriculture.
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