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The Challenges of Drought Monitoring and 
Early Warning  
 
 

SITI NAZAHIYAH RAHMAT, NIRANJALI JAYASURIYA and 
MUHAMMED BHUIYAN  
 

  
 
Abstract: The monitoring and forecasting of drought is a significant challenge for 
those engaged in water resources management. Though challengeing, these 
functions are increasingly viewed as being essential, as drought becomes more 
commonplace and severe due to climate change. Furthermore, drought 
information is often delivered in a manner that is too technical and difficult to 
understand by decision makers.  
 
This article aims at socializing early drought information using precipitation 
values, which could be understood better by common users. Drought index, 
namely Standardized Precipitation Index (SPI) is first assessed to investigate how 
well this index is able to reflect drought conditions in Victoria, Australia. The SPI 
is then computed across 3 and 12 month cumulative rainfall volumes to determine 
the effects of precipitation deficits in the short and medium terms. Throughout 
these initial applications, the SPI is shown to be a good indicator worthy of further 
study. The threshold values are then identified from the translation of the SPI to 
the precipitation. Based on the simulation of 12-month time scale precipitation, 
the drought class prediction is also presented. 
 
Keywords: Precipitation thresholds, Standardized Precipitation Index (SPI). 
 
 

 
1.   Introduction 
 
Droughts adversely impact rural and urban communities, industries, primary production and 
thus, a countryÕs economy. Drought monitoring is directed to detecting the onset, end, 
persistence and severity of a drought. Droughts differ from other natural hazards such as 
cyclones and floods, as it is a slow setting and creeping phenomenon (WMO 2006). It is 
difficult to determine when a drought begins and likewise, when it ends, as urban, 
agricultural and industrial sectors response to droughts differently. Wilhite and Glantz (1985) 
classified drought into four categories: meteorological, agricultural, hydrological and socio-
economical. In contrast to meteorological droughts, the other three types of droughts occur 
less frequently because they usually take a longer time before precipitation shortages begin to 
produce deficit in soil moisture, reduction in streamflow, drop in reservoir level and decline 
in groundwater table. Thus, for drought monitoring and early warning, the meteorological 
drought indices provide an initial assessment. Once the meteorological indices indicate the 
onset of a drought, other non-meteorological indices provide complimentary information to 
the relevant sectors describing severity and impact. In Australia, several noteworthy droughts 
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have occurred over the last century, including 1911Ð16, 1939Ð45, 1963Ð68, 1972Ð73, 1982Ð
83 and 1991Ð95 costing the economy billions of dollars (BoM 2011). In recent 
times, South-eastern Australia (including Victoria) experienced significantly low rainfall 
from 1997 to 2009Ñ a drought which has been termed as ÔThe Millennium DroughtÕ.  
 
Drought Indices (DIs) have been commonly used to quantify urban rainfall deficit, soil 
moisture and reservoir water availability. They have also been used to assess drought severity 
(Mishra and Singh 2010, Morid et al. 2006). From the many indices used, the Standardized 
Precipitation Index (SPI) has found widespread application for labelling and comparing 
actual drought events (Khalili  et al. 2011, Mishra and Desai 2005, Nalbantis and Tsakiris 
2009, Paulo et al. 2005). In addition, the World Meteorological Organization (WMO) has 
recommended the use of SPI to determine meteorological droughts and to complement local 
meteorological drought indices (Hayes et al. 2011).  
 
Monitoring drought presents some unique challenges because of its non-event characteristics. 
One of the challenges is to simplify the information provided to decision makers, as the 
information delivered is often too technical and detailed, and hence, of limited use. This 
paper inquires into providing drought information based on precipitation threshold values 
based on the SPI classification. It is argued that the SPI can assist users (such as those in 
government services) to better understand and visualize precipitation deficit than a drought 
index. Standardized Precipitation Index (SPI) is applied to assess how well it can define the 
initiation (on-set) and end of historical droughts in Victoria. Further, the translation of the SPI 
values to precipitation thresholds is also evaluated.  
 
 
2.   Data and method 
 
2.1   Study area  
 
The State of Victoria in Australia has a varied climate in spite of its relatively small size   
(237,629 squared kilometres). It ranges from semi-arid and hot in the north-west (300 
milli metres per annum), to temperate and cool along the coast (1,800 milli metres per annum). 
The locations of the five rainfall stations selected for this study and their details are shown in 
Figure 1 and Table 1, respectively. Mean annual rainfall for the selected five stations range 
from 293 to 650 milli metres. Monthly rainfall data from 1949 to 2010 was downloaded from 
the Bureau of Meteorology website (http://www.bom.gov.au/climate/data/) for the study.  
 
Station 76031 is located in north-west Victoria and in the region of Mildura. It has a long 
history of agriculture and irrigation practices. This region could be categorized as a drought-
prone region due to occurrence of low rainfall for a relatively long period. Stations 77051 and 
79011 are in the Wimmera-Mallee regions of western Victoria and signify the dry land 
farming areas. These regions received the lowest rainfall on record during the 1997Ð2010 
Millennium Drought (BoM 2010). It was reported, that in late 2006, the water storage level in 
the region was at seven per cent of capacity due to that extended dry period. Station 81013 is 
located in the Goulburn Valley region, also a part of the Murray-Darling Basin. This region is 
one of the most productive agricultural areas in Australia. Station 86071 is within the Yarra 
River catchment and is located in an urbanized area serviced by Melbourne Water. Mean 
annual rainfall for this station is 650 millimetres per year, which is the highest amongst all 
the stations taken. Stations 76031 and 77051 were chosen due to the fact that these stations 
receive low rainfall. Although the annual rainfall is high in Stations 79011, 81013 and 86071, 
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these were selected as these stations are located within important catchment basins (eg. 
Murray-Darling Basin and Yarra River catchment) in Victoria, Australia. 
 

Table 1: Description of rainfall stations 

 
 

76031

77051

79011

81013

86071

 
Figure 1: Locations of the study sites 

 
 
2.2   Standardized Precipitation Index  
 
The SPI was designed by McKee (et al. 1993) and his colleagues at Colorado State 
University to quantify the precipitation deficit for multiple time scales (ie. 1, 3, 6, 12, 24 and 
48 month). The SPI is basically the transformation of the precipitation time series into a 
standardized normal distribution. In this study, the SPI over time periods of 3 and 12 month 
time scales was applied to all stations. Short-term duration (3-month) might be important to 
agricultural interests while the medium term duration (12-month) covers water supply 
management interests. Since the selected stations are mostly in agricultural areas, 3-month 
SPI could be important as soil moisture conditions respond to precipitation anomalies on a 
relatively short time scale. The 12-month time scale is equally important as streamflow and 
reservoir storage reflect the longer term precipitation anomalies.  
 
McKee (et al. 1993) used the classification system using SPI values as depicted in Table 2 to 
define drought intensities associated with a particular SPI value. A drought event is defined 
as a period in which the SPI is continuously negative and reaching a value of -1.0 or less 
(McKee et al. 1993, Paulo and Pereira 2006).  
 

Station No. Station Name Mean annual 
rainfall (mm) 

Latitude 
(0S) 

Longitude 
(0E) 

% of 
missing 
rainfall 

76031 Mildura Airport 293 -34.24 142.1 - 
77051 Rainbow (Werrap (Oak-Lea)) 349 -35.94 141.9 0.8 
79011 Edenhope (Post Office) 576 -37.03 141.2 1.4 
81013 Dookie Agricultural College 554 -36.37 145.7 0.5 
86071 Melbourne Regional Office 650 -37.80 144.9 - 
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Table 2: Upper bound of SPI drought categories and cumulated probabilities 

SPI values Category Cumulated 
probabilities 

0 to -0.99 
-1.0 to -1.49 

Mild drought 
Moderate drought 

0.50000 
0.15866 

-1.5 to -1.99 Severe drought 0.06681 
-2 and less Extreme drought 0.02275 

 
 
2.2.1 Calculation of SPI using Precipitation Values 
The computation of SPI index requires the following steps (McKee et al. 1993, Wu et al. 
2007): 
 
1. Fit a cumulative probability distribution function (usually gamma distribution) on 
aggregated monthly precipitation series (say k = 3 or 12 months, which is adopted in this 
study). The gamma PDF is de!ned as, 
 
                                                    ! !𝑥! !

!

! ! ! ! ! !
! ! ! ! 𝑒!! !                                                    (1) 

 
where β is a scale parameter; α is a shape parameter, which can be estimated using method of 
maximum likelihood; !  is the precipitation amount; and 𝛤!𝛼) is the gamma function at α. 
The estimated parameters can be used to !nd the cumulative probability distribution function 
of observed precipitation events for the given month and particular time scale. The 
cumulative probability is obtained by integrating Equation 1,  

                                  
                                     ! (! ! ! 𝑔 𝑥 𝑑𝑥 = !

!!!(!)
!
!

!
!

𝑥! !!𝑒! ! ! ! !"                                  (2) 

 

where                           ! !
!

! !
! ! ! !

! !

!
                                                                       (3) 

                                                      

                                     ! !
!

!
                                                                                                  (4) 

                            

                                     ! ! !" !! ! ! − !" !(!)
!

                                                                            (5) 
                                   
                                     !  = number of precipitation observations                                           (6) 
 
2. Transform the cumulative distribution function (CDF) to the CDF of the standard normal 
distribution with zero mean and unit variance, which is given as follows: 

                                                     
                                                       !"# ! ! !! ! !𝑥!                                                              (7) 
 
This transformed probability is the SPI (Figure 2). A positive value of SPI indicates that 
precipitation is above average and a negative value denotes below average precipitation. 
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Figure 2: Example of an equiprobability transformation from a !tted gamma  
distribution (left) to the standard normal distribution (right) for Station 77051.  

Data are for the 12 month average precipitation from 1949 to 2010. 
 
 
3.   Results and Discussion 
 
3.1   SPI Analysis  
 
Figure 3 shows the computation of 12-month SPI for Station 77051. The drought severity 
was based on the SPI value in Table 2. Extreme droughts were identified in 1967, 1968, 
1982, 1983, 1995, 2002 and 2006. The most extreme drought was found in the year 1982 
with SPI at -3.5. It is also observed that drought frequency increased during the period 1997Ð
2009. Gergis (et al. 2012) noted that South-eastern Australia (SEA) was in the grip of the 
ÔBig DryÕ during this period. The SPI is further applied to assess how well it can define the 
initiation (on-set) and termination of historical droughts in Victoria based on selected events.  
 
The simulated onset of droughts using SPI for 3 and 12-month time scales were compared 
with the recorded 1982Ð83 and 2002Ð03 droughts (shown in Table 3) to determine whether it 
showed the onset of droughts well. The onset and end of historical drought in Australia was 
defined based on deciles method. 
 

 
Figure 3: The 12-month SPI plot for Station 77051 
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The 1982Ð83 and 2002Ð03 events have recorded drought periods as April 1982 to February 
1983 (Gibbs 1984) and April 2002 to January 2003 (BoM 2003) respectively. Figures 4 (a) 
and (b) show the examples of SPI for Station 77051 for the 1982Ð83 drought. For the three 
month time scale (a), it showed drought commenced five months in advance, started in 
November 1981 and ended in March 1983. For all five locations, the three month time scale 
showed the onset of the drought during the same time of the year about four to five months in 
advance (Table 3).  
 
While the 12-month time scale, the analysis for this station showed the drought commencing 
in May 1982 (which was one month late than recorded) and ended in October 1983. With the 
exception of Station 86071, all stations showed the drought initiated at May-July 1982. It is 
worth mentioning that the SPI at this time scale (12-month) reflects medium-term 
precipitation patterns. In contrast to 3-month period, the 12-month SPI responds more slowly 
to changes in precipitation and gives longer duration of drought. It is worth mentioning that 
based on the results and given the history of droughts in Australia and overall nature of 
rainfall variability, 12-month time scale is appropriate to monitor drought. 
  

Table 3: Comparison of the recorded 1982Ð83 (April 82ÐFeb 83) and  
2002Ð03 (April 2002ÐJan 2003) drought events with the SPI obtained 

Stations 1982/83 2002/03 
 Initiation End Initiation End 
  3 months   

76031 Nov 81 Jul 83 Nov 01 Jul 03 
77051 Nov 81 Mar 83 Dec 01 Jan 03 
79011 Nov 81 Feb 83 Jan 02 Dec 02 
81013 Nov 81 Mar 83 May 01 Apr 03 
86071 Oct 81 Jun 83 Mar 02 Dec 03 

12 months 
76031 May 82 Nov 83 Feb 01 Sep 03 
77051 May 82 Oct 83 Feb 01 Jul 03 
79011 Jul 82 Aug 83 Mar 02 May 03 
81013 Jun 82 Aug 83 May 01 Oct 03 
86071 Dec 81 Dec 83 Jul 01 Dec 03 

 
 

 
Figure 4 (a): Onset and termination of drought for the 1982Ð83 on  

3-month time scale for Station 77051 
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Figure 4 (b): Onset and termination of drought for the 1982Ð83 on 

12-month time scale for Station 77051 
 
Figures 5 (a) and (b) show the onset and termination of drought for the 2002Ð03 drought for 
both time scales. On the 3-month time scale (a), the SPI showed the onset of the drought 
about three/four months in advance starting from December 2001 until January 2003. While 
the 12-month time scale (b), shows the onset of mild droughts and followed by severe 
droughts initiating around July 2002. For 3-monthly SPI, the onsets of the droughts were 
three to five months earlier but the termination was in correct time. While for the 12-month 
SPI, the onset more or less in correct time however the terminations were about six to eight 
months later. Further research is being carried out in order to identify the different results 
obtained. 
 

 
Figure 5 (a): Onset and termination of drought for the 2002Ð03 on  

3-month time scale for Station 77051 
 

 
Figure 5 (b): Onset and termination of drought for the 2002Ð03 on  

12-month time scale for Station 77051 
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3.2   Relationship between SPI and Precipitation Threshold  
 
The rainfall data and the formula used to calculate SPI could be used to calculate the 
precipitation threshold as well as precipitation deficit for a more meaningful parameter to 
primary producersÑ who deal with crop water deficit in mm of depth all the time. Instead of 
using the SPI values, the precipitation thresholds were used to compute the severity of the 
droughts. This would be more helpful to end users because they can visualize and interpret a 
precipitation deficit better than a drought index.  
 
Assuming that the SPI is a random normal variable, ! , the SPI drought class thresholds z = 0, 
z = -1 and z = -1.5 are transformed into probabilities by using this equation: 
 

                          ! ! = ! ! ! ! ! ! ! ! )                                                                     (8) 
 

where ! !  is the normal distribution function. The gamma distribution function for each 
month is given by Equation (2). Then the cumulative probability of a given upper bound SPI 
value (Table 2), ! ! , is made equal to the gamma distribution function 
 

                         ! ! !
!

! ! ! (!)
! ! ! ! !

!
!
! !"

!
!                                                                  (9) 

 

And the equation  
 

                         ! ! ! !!! ! ! !                                                                                      (10) 
 

where !  is the cumulated precipitation.  
 
For example, at SPI = -1, Station 77051 gave a precipitation threshold of 257 milli metre 
(Figure 6). If data fell below this corresponding threshold level they are categorized as 
drought. 
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Figure 6: Transformation of the CDF standardized normal distribution (SPI = -1)  

to the CDF fitted distribution (precipitation threshold value = 257 mm) for Station 77051 



Challenges of Drought Monitoring 

 9 

Table 4 shows the precipitation thresholds for all the stations. These values could be used to 
monitor and forecast the possibility of droughts that might occur. In the current study, the SPI 
values at 0, -1 and -1.5 represent non-drought, moderate drought and severe drought 
conditions, respectively. These are the precipitation thresholds below which the stations 
progressively enter a more severe drought class. 
 

Table 4: Threshold values of precipitation (mm) at SPI = 0, -1 and -1.5 

Stations 
Precipitation thresholds (mm) 

SPI = 0 SPI = -1 SPI = -1.5 
76031 274 195 163 
77051 343 257 221 
79011 582 481 230 
81013 552 414 230 
86071 633 506 450 

 
The precipitation thresholds obtained differs from one location to another. These values 
would be beneficial for water management and can be easily applied by policy makers. Based 
on the precipitation threshold, a 1-month prior prediction using the historical 1982Ð83 
drought was made at Station 77051. A 12 month-time scale was used for this analysis. Given 
the observed precipitation in the previous 11 months the amount of precipitation needed in 
selected months to reach the non-drought, moderate and severe classes are presented in Table 
5. Observing data for February 1983, cumulative precipitation (milli metres) for the previous 
11 months was 97.4 millimetres. The initial state (in January) was in extreme class (Figure 
7). The amount of precipitation needed to decrease to the severe, moderate and non-drought 
severity class were 124, 160 and 247 milli metres, respectively. However, there was no 
rainfall observed in February 1983 resulted that month still in the extreme class. While in 
August 1983, the cumulative precipitation (milli metre) recorded was 205.9 milli metres. To 
change from this initial state (extreme) to the severe, moderate and non-drought severity 
class, the amount of precipitation needed was 15, 51 and 138 milli metres, respectively. With 
the observed rainfall of 52.6 milli metres in that month, the class of drought was changing 
from extreme to mild.  
 
The 12-month cumulative precipitation for the 1982Ð83 drought events for Station 77051 is 
shown in Figure 7. The drought initiated in May 1982 and ended in October 1983. The 
thresholds value for non-drought, moderate and severe obtained were 343 milli metres, 257 
milli metres and 221 milli metres, respectively. Overall analysis of the amount of precipitation 
needed for every month from the actual state to reach the severe, moderate and non-drought 
for 1982Ð83 drought event is shown also in Figure 7. In future, this method would be very 
useful in predicting short-term drought class transition.  
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Table 5: Precipitation scenarios (milli metres) for selected months during 1982Ð83  
drought for Station 77051 

Date Initial 
state 

Cumulative 
precipitation (mm) 

for previous 11 
months 

Amount of precipitation 
(mm) needed to reach 

Observed 
rainfall in 

that 
month (mm) 

Non 
drought 

Moderate 
drought 

Severe 
drought 

Feb-
83 

Extreme 97.4 247 160 124 0 

Aug-
83 

Extreme 205.9 138 51 15 52.6 

 
 

 
Figure 7: The 12-month cumulated precipitation during 1982Ð83 
drought for Station 77051. Precipitation needed to reach the non-
drought (light gray column), moderate (gray column) and severe (dark 
gray column) from the initial state in every month. Horizontal lines are 
the precipitation thresholds for non-drought, moderate and severe 
droughts. 

 
 
Conclusion 
 
The study was designed to provide drought information based on the precipitation thresholds, 
which were the translation of the SPI values. Results that are based on precipitation are easy 
to be understood by common users and important for decision makers. The study uses 61 
years (from 1949 to 2010) of monthly precipitation data for five selected meteorological 
stations in Victoria, Australia. The SPI was first used to investigate how well these indices 
reflect drought conditions and further defining the on-set and end of droughts history in the 
state of Victoria, Australia. It has been shown to be a good indicator and is worthy of further 
study. Furthermore, the relationship between the SPI classification and precipitation threshold 
was determined to define the drought conditions in advance.  
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