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Abstract. A model for regional drought distribution 
analysis is presented. This model is based on a 
multivariate distribution of an instrumental variable and 
enables one to analyse the spatial distribution of droughts 
and associated risks, expressed by the exceedance 
probability. 
The instrumental variables series are associated to 
elementary areas of the region and simulated series are 
obtained from a synthetic simulation model. The results 
obtained from the regional drought analysis of the 
simulated series allows the development of severity-area- 
frequency curves and the analysis of the regional drought 
return periods of the historical series. 
The application of the model to the annual precipitation 
over the area of the Guadiana river basin, in Portugal, for 
the 1940/41-1994195 period suggests that most droughts 
have a duration of one year. The most severe drought, in 
the hydrological year 1944/45, has an associated return 
period of 100 years and the droughts observed in 1980/81, 
1982/83 and 1994/95 have associated return periods 
greater than 25 years. 0 1998 Elsevier Science Ltd. All 
rights resewed. 

1 Introduction 

Droughts are long term phenomena affecting large regions 
leading to important losses in most social and econo- :c 
activities. Droughts are defined as an exceptional fi. -1 
charac&i~ by insufZcient water resources availability 
for supplying the so&-economic activities of the region. 
The areal distribution of drought is a significant 
characteristic of these phenomena; thus the regional 
approach leads to a more comprehensive evaluation of this 
situation. 
Methods of analysing regional drought are not common. A 
regional method of drought characterisation based on the 
theory of runs and its application to Portuguese 
precipitation is described by Santos (1981; 1983). Rossi 
(1983) presents deficit-area-frequency curves for the whole 
Sicily based on the statistical analysis of precipitation 
deficits. A method for regional frequency analysis of 
droughts and its application to flows in California is 
presented by Sadeghipour and Dracup (1985). However, 
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using these methods, the area1 distribution of droughts is 
not stdliciently identified, thus the drought areas can not 
be adequately established. 
The regional drought distribution model presented in this 
paper is based on a hydrological instrumental variable 
associated to a time period. Instrumental variables are 
associated to the region under study, to a threshold 
drought level and to a critical drought area established. 
Drought severity, drought area and drought duration are 
output variables of the model. Return periods of regional 
droughts determination is based on the spatial evolution of 
drought severity. 
The proposed methodology for regional drought 
characterisation enables the clear identification of drought 
areas, the simulation of the spatial distribution of droughts 
and the associated risk of their occurrence. 

2 Model description 

Considering a region, for instance a river basin or a set of 
river basins, the analysis of droughts can be focused on the 
precipitation (the instrumental variable) that occurred 
during a given interval (one year, semester or month). To 
characterise the drought event, in this case, it is necessary 
to get a set of precipitation series of the study region and to 
associate to each precipitation station an influence area. 
Let X, be the instrumental variable in the area i during the 
time period j; the regional drought parameters depend on 
the marginal distribution of &, the temporal dependence 
of & and on the spatial dependence between & for 
different locations. Assuming M to be the total number of 
series of the instrumental variable, and Ai the area 
influenced by each series, the total area AR is: 

AR=gAi 
i=l  

(1) 

If the variables X, have the same marginal distribution. 
except for a location parameter b, a scale parameter aZ, 
and a shape parameter &, the distribution of ZJ obtained 
from XJ using an appropriate transformation, is 
independent from i and j. It is considered that the 
standard&d normal distribution fits the distribution of Z, 
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which is obtained by the Box-Cox transformation for the 
skew correction of Xij: 

where: 
var, = As(k-i)s(k-‘)Z(k-‘) 

and by transforming linearly the variables W,j: 

Zi,j = 

wi,j - Pi 
(3) 

Oi 

It is accepted that the spatial dependence of Xij is well 
represented by the spatial correlation of Z,,, considering 
two locations i (p and q) in the analysed time period: 

(4) 

Drought occurs when the value of the instrumental variable 
is less than a fixed threshold. The threshold J’ represents a 
limit value of water use in a region. Drought is defmed in 
the time period j, when the standardised variable Z,J, 
associated to an area A, is lower than L The duration of 
the drought initiated in period j (DJ is the consecutive 
number of time periods where Z,, is lower than 6 in an 
area greater than a critical area considered. 
The average drought area and the average drought severity 
of the drought initiated in period j, with duration D,, are 
defined as: 

j+Dj-I j+Dj-I 

CA% CSI 

ASj.D, 
r-j 

-v-sj.D,=p’- 

Dj Dj 
(W5) 

It is also possible to defme the maximum drought area and 
the maximum drought severity of the drought initiated in 
the time period j, with duration 4: 

As?‘, = max (As,) 
I=j.j+D,-1 

(7) 

S?” = 
J .D J  m m  W 

C-j,j+DJ-I 
(8) 

The model for drought analysis in each time period is 
presented in Fig. 1. In a fmt step the region’s elementary 
area where Z,, is smaller is selected. Being Z, lesser than P 
drought is defmed in the time period analysed. Drought 
area As*), standard transformed variable w(L,, average 
W(k) and standard deviation so) are the ones verified in 
the fust area selected: 
w”) = WHlru, s = qo, , soI)= ssj, Indices sign the 
calculation steps. 
For the second drought calculation step a second area is 
selected, adjacent to the fast one, where the standard 
variable ZCk) in the total area AS(~) is smaller: 

Z(k) = var, + vars 
(9) var, + Vard + vars 

vu4 = Ai(k)2Si(k)2 
VW, = 2p(k-l.i(k))As(k-1)Aio s(Ws. 

W 
The correlation coefficient between standardised 
transformed variables in the area AS(~) and the selected area 
i, p(k-‘*i(k)), is obtained from: 

(10) 

where: 

j-l 

AS(~) = As(“‘)+A,,, is the drought area. The variable’s value 
is: 

k-l 

c Ai(t)Xi(t),j f Ai(k)Xi(k),j 

x(k) = ‘-1 
As(‘-” + Ai 

(11) 

The mean Wtk) and the standard deviation s(‘) of the 
standard transformed variable are obtained: 

w. _ ,@-I) w(k-1) - +Ai(k)w(k) 

As(~-‘) + A i(k) 

(12) 

S(k) = +w3+ va4+ w 

As(~-” +A i(k) 

where var,, var. and var, are defmed in the Eq. 9. 
The calculation proceeds by introducing in the sequent step 
(k+l) the values of the adjacent area i that results in a 
higher -Z @+I) The calculation of A@‘), Zwr), X@“‘), . 

WCk+‘) and so+‘) is similar. Selected areas are associated to 
the standardised transformed variable in each time interval. 
The standardised transformed variable Z represents the 
drought severity. 
Drought duration, average drought area, average drought 
severity, maximum drought area and maximum drought 
severity calculation result from the analysis of the 
standardised transformed variable calculated in the total 
drought area for the different drought time periods. 
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Fig. 1 Model for drought analysis in each time period. 

3 Drought analysis 

3.1 Regional drought analysis sequence 

Regional drought analysis is based on recorded data series 
and constrains the analysis of hydrological time series in an 
identical time period. The number of droughts observed is 
often reduced in order to study drought return periods. To 
overcome this one can simulate instrumental variable series 
preserving some of their statistical characteristics, so that 
several values sequences and consequently several drought 
episodes can be obtained. 

. . ...* 

REGIONAL Di7ouGtlT 

??*....* 
- I 

DlSlMUllON NOWL 

. . . . . . . . . . . . . . . . . 
. . . . . . . . . . . . . 

Fig. 2 Regional drought analysis sequence. 

The regional drought analysis sequence is represented in 
Fig. 2. Based on the instrumental variables series 
associated to elementary areas of a region and the 
simulated series obtained from the synthetic simulation 
model, the regional drought distribution model is applied. 

The results obtained from the simulated series allows the 
development of severity-area-frequency curves and the 
analysis of the regional drought return periods of the 
historical series. 

3.2 Multivariate simulation model 

The multivariate simulation model considered preserves 
means (u,) and the variances (CT:) of X,j, the regional 
Box-Cox parameter (A) and the covariances between X,J. 
The transformed variables Wi, using the regional Box-Cox 
parameter 7c have the joint multivariate normal distribution: 

exp 
[ 
-i(&(‘) -u)Tz-‘(W(l) -e)] (14) 

being @^) the vector of the transformed variables W,, and 
R the vector of the means h of the transformed variables. 
The calculation of the variance-covariance matrix z (MxM 
elements) is based on the linear correlation between the 
historical transformed series matrix _R: 
Z=S_Rs. (19 
S is the diagonal matrix whose elements are the standard 
deviation values si. Considering the vector of random 
variables with normal standard distribution 5 the vector p 
defined: 
J@=Cg+W (16) 
is normal distributed with mean: VI q= i 

[ 1 EM 

and variance-covariance matrix 2 = C CT. 

3.3 Severity-area-frequency curves 

Drought severity is analysed based on severity-area- 
frequency curves calculated for the periods more affected 
by drought selected from simulated precipitation series. 
Drought severity is represented by the transformed 
standardised variable (-Z(‘)). The pairs of the transformed 
standardised variable and affected areas in the worst 
drought periods are obtained using the regional drought 
distribution model. Severity values in each area are ordered 
to associated return periods T. In case of unequal 
elementary areas (if the instrumental variable series are 
represented by different areas) study areas should be 
defined (e.g. lo,20 ,..., 100% ofthe total area). 
Return periods are defmed using an empirical distribution 
function adequate to the studied drought and an appropriate 
distribution model. 
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3.4 Droughts in the Portuguese Guadiana river basin 

The Portuguese Guadiana river basin is located in the 
south, covering a total area of 11525 km’. The annual 
precipitation is analysed, in the 1940/41-1994/95 period, 
and 35 stations are analysed. The Thiessen method was 
used to evaluate the influence areas of precipitation. 
The drought threshold was selected to correspond to a level 
of 80% of the exceedance probability. The regional 
Box-Cox parameter is approximately calculated by 

h= fihi 
r 1 

l/M 
= 0.405. This is very close to the partial 

i=l 
maximum likelihood estimator of the regional k. 
The multiyear analysis suggests that most droughts in the 
region have a one year duration. Two droughts with two 
years duration (drought initiated in 1943/44 and in 
1956/57) are verified in the period 1940/41-1994/95. Based 
on the average drought severity analysis, considering a 
critical area of 75% of the total area, a return period of 400 
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years is calculated for the drought initiated in 1943/44 and 
a return period of 13 years is calculated for the drought 
initiated in 1956/57. 
Drought severity-area-frequency calculation is based on ten 
replicates with 100 years length of simulated precipitation. 
The average curve obtained from the ten replicates 
considers the 18 worst regional droughts. Severity-area- 
frequency curves are obtained by considering the extreme- 
value type 1 distribution: 
-Z(As) = u(As) + a(As) (-log(-log(l-l/T)) (17) 
Severity-area-frequency curves for the Portuguese 
Guadiana river basin and the most important droughts in 
the region (T>5 years) are presented in Fig. 3. In the 
Guadiana basin the most severe drought, in the 
hydrological year 1944145, has an associated return period 
of 100 years. Droughts observed in 1980181, 1982/83 and 
1994/95 have associated return periods greater than 25 
years. 
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Fig. 3 Severity-area-frequency curves and return period (T) of the most important droughts in the 
1940/4 1 - 1993/94 period in the Portuguese Guadiana river basin. 
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