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 Abstract: 
This article introduces the New Drought Index (NDI) to a 
wide scientific and professional society. This index, 
relatively simple to apply, was published by Bonacci et 
al. in Croatia in 2022 and international journals in 2023. 
Thus far, it has been tested in many countries on four 
continents. The main strength of NDI is that it uses only 
two parameters: precipitation and air temperature for a 
certain time period (month, season, or year). In this 
research, NDI was tested on a monthly basis for two 
Croatian regions, continental (meteorological station 
Donji Miholjac) and coastal region (meteorological 
station Split). The results were compared with those of 
drought severity obtained using the Standardized 
Precipitation Index (SPI), Standardized Precipitation 
Evapotranspiration Index (SPEI), Rainfall Anomaly 
Index (RAI), and Aridity Index (AI). The period of 
analysis was between 1981 and 2022. The best 
correlation was between both regions' NDI and SPEI (> 
0,7). 
 
Keywords:  
New Drought Index; Standardized Precipitation Index; 
Standardized Precipitation Evapotranspiration Index; 
Rainfall Anomaly Index; Aridity Index 

https://hrcak.srce.hr/ojs/index.php/acae/index
mailto:ltadic@gfos.hr
https://doi.org/10.13167/2025.31.3
http://creativecommons.org/licenses/by/4.0/


Tadić, L. et al. Comparison of the New Drought Index with various well-known drought indices 

 

ACAE | 2025, Vol. 16, Issue No. 31 

 

Page | 32  

 

1 Introduction 

Most proposed drought indices rely on precipitation data for a certain period. A lack of 
precipitation and more frequent dry periods with no precipitation are likely to result in drought 
episodes. Several meteorological indices use only one parameter, either directly or indirectly. 
Primarily, it is monthly, seasonal, or annual precipitation; however, similarly, data on monthly, 
seasonal, or annual discharge or groundwater levels can be used. This group of indices can 
be represented by the Standardized Precipitation Index (SPI) and other indices based on it: 
Standardised Streamflow/Discharge Index (SSI or SDI), and Standardised Groundwater Level 
Index (SGI or SWI). However, other meteorological and climatological parameters should not 
be disregarded. Because the most prominent impact of climate change is the increasing air 
temperature, including air temperature in the quantification of drought could lead to a 
significant improvement. A few years ago, Vicente-Serrano et al. proposed the Standardized 
Precipitation Evapotranspiration Index (SPEI) that introduced evapotranspiration into the 
original SPI [1]. However, in 2009, SPI was recommended by the World Meteorological 
Organization as a method suitable for use worldwide, regardless of climatic or topographical 
features [2]. 
A problem is always encountered when deciding which indicators or indices are the most 
appropriate for drought quantification. The question is whether a specific index is suitable for 
a given location, area, basin, or region. Similar to the definition of drought, no unique indicator 
or index is the most appropriate for all climate regions (arid, Mediterranean, or moderate 
climate regions), all types of droughts (agricultural, meteorological, or hydrological drought), or 
different sectors (water management, agriculture, water supply, etc.).  
Several questions must be answered to determine the most appropriate index. However, the 
most straightforward method is often selected because it requires the least amount of data. 
However, long reliable data series of complex and specific parameters are often unavailable. 
Simple drought indices that are sensitive to climate, space, and time have certain advantages. 
Large-scale drought management with significant spatial and temporal variability should be 
considered. Complex composite (or modelled) indicators are often difficult to implement daily 
because of the large number of parameters that are often unavailable. Thus, these methods 
are more suitable for scientific purposes [3]. 
This article aims to introduce the New Drought Index (NDI) to a broad scientific and 
professional society. This index, which is relatively simple to apply, was published in 2022 in 
a Croatian scientific journal [4] and in 2023 in an international scientific journal [5] by Bonacci 
et al. In a short time, it was cited or used in more than 15 papers published in international 
journals. The only parameters required are the precipitation and air temperature for a certain 
period (month, season, or year). Thus far, in Croatia, the method has been tested in calculating 
drought severity between 1948 and 2020 for two meteorological Croatian stations: Split-Marjan 
and Zagreb-Grič. Another study was conducted on two islands: Lastovo Island in the southern 
Adriatic and Lošinj Island, situated 277 km north. The data series used in the calculation was 
for a 63 year period (1961-2023) [6]. 
In this article, the calculation of drought severity using NDI will be compared with similar 
meteorological drought indices: two-parameter methods, Aridity Index (AI) and SPEI, and one-
parameter method, Rainfall Anomaly Index (RAI) and SPI, which can all be used to monitor 
drought that affects agriculture, natural water resources, the environment, etc. 

2 Methodology  

2.1 Materials and methods 

2.1.1 Study area 

Two climatologically distinct regions were selected to test the applicability of the proposed 
drought method (Figure 1). The first is in eastern Croatia, represented by the Donji Miholjac 
meteorological station. According to the Köppen climate classification, this region has a 
moderately warm and humid climate, with warm summers (Cfb) [7]. In this region, the mean 
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annual precipitation between 1981 and 2022 was 718 mm, and the mean annual temperature 
during the same period was 11,6 °C. The second representative region is the southern region, 
located along the Adriatic Coast, and represented by the Split meteorological station. 
According to the Köppen climate classification, this region has a moderately warm and humid 
climate, with warm summers (Csa) [7]. The mean annual precipitation between 1981 and 2022 
was 780 mm, and the mean annual temperature of the same period was 16,7 °C. 

 

Figure 1. Study area with position and attitude of the relevant meteorological stations 

The global impacts of climate change, particularly increasing air temperature, are being 
experienced in Europe. Previous investigations have shown homogeneous annual 
precipitation data series for both regions, and the mean annual air temperature has increased 
significantly since the 1990s [8]. A positive air temperature anomaly, defined as the difference 
from the average air temperature of the study period, prevailed during the 21st century in both 
regions (Figures 2a) and 2b)). 

 

Figure 2. Annual precipitation and temperature anomaly of the period 1981-2022: a) for 
Split meteorological station; b) for Donji Miholjac meteorological station 
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In addition, previous drought analyses in Croatia confirmed the significant temporal variability 
and spatial diversity of drought occurrence. Croatia can be divided into three homogeneous 
regions: Central North, Eastern, and Southern (Figure 1) [9]. 

2.1.2 New Drought Index (NDI) 

The first published proposal of NDI was in 2021 by Bonacci et al. [4; 5]. The climatological 
parameters necessary to define NDI values are precipitation and air temperature at different 
timescales. The basis of this index is that potential and/or actual evapotranspiration plays a 
crucial role in the water balance and, consequently, drought occurrence [10]. Additionally, 
increasing air temperature is the most persistent impact of climate change.  
NDI presumes that drought severity is driven by a deficit in precipitation (below the average in 
a certain area) and increasing air temperature (above the average air temperature in a certain 
area). Therefore, NDI is expressed as follows: 

𝑁𝐷𝐼𝑖 = [(𝑃𝑖 − 𝑃𝑎𝑣)/𝑆𝑃] − [(𝑇𝑖 − 𝑇𝑎𝑣)/𝑆𝑇] (1) 

Where Pi is the precipitation in year or month i; Pav is the average value of the analysed series 
of precipitation in the obtained period; SP is the standard deviation of the analysed series of 
precipitation; Ti is the mean temperature in year or month i; Tav, is the average value of the 
analysed series of air temperature data in the analysis period; ST is the standard deviation of 
the analysed series of air temperatures. 
The proposed classification of the NDI values relies on SPI and SPEI ranges for moderate 
droughts from −1,0 to −1,49; severe droughts from −1,5 to −1,99; and extreme drought for 
values less than −2,0 [6]. 

2.1.3 Aridity Index (AI) 

AI is an old method developed by De Martonne in 1925 [11]. It is a two-parameter method that 
defines the ratio of precipitation to the mean temperature or evapotranspiration. It can be used 
not only as a drought index but also to classify the climate regime of a certain region. The 
possible values of AI are all positive and are given in five classes of aridity, as shown in Table 
1. This study used evapotranspiration instead of air temperature in the following equation for 
AI calculation: 

  𝐴𝐼 = 𝑃/𝑃𝐸𝑇 (2) 

Where P is the precipitation in the year or month; PET is the potential evapotranspiration in 
the year or month. 

2.1.4 Rainfall Anomaly Index (RAI) 

RAI was developed in the 1960s by Van Rooy [12]. It uses normalised precipitation data at 
various timescales (months, seasons, or years) obtained from a particular meteorological 
station. 
The positive and negative signs are related to positive and negative precipitation anomalies, 
respectively. Seven classes of drought severity are used, ranging from 3,0 to -3,0 (Table 1). 
Two equations exist for RAI calculation depending on the anomaly [13]: 

𝑅𝐴𝐼 = 3 (
𝑃𝑖 − 𝑃𝑎𝑣

𝑀 − 𝑃𝑎𝑣
) − positive anomalies (3.1) 

𝑅𝐴𝐼 = −3 (
𝑃𝑖 − 𝑃𝑎𝑣

𝐿 − 𝑃𝑎𝑣
) − negative anomalies (3.2) 

Where Pi is the maximum precipitation for month or year in obtained period; Pav is the mean 
precipitation from the series of maximums; M is the average of the 10 highest values in the 
series, and L is the average of the 10 lowest values. Here, ±3 is a standardization factor that 
limits the anomalies within the range from −3 to +3 through a unity-based scaling, ensuring an 
asymmetrical distribution. 
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2.1.5 Standardized Precipitation Index (SPI) 

McKee et al. (1992) developed SPI for the USA) [14]. It uses historical precipitation data series 
for a specific location and calculates the probability of precipitation at different timescales, 
frequently between 1 and 48 months (or even longer, but frequently between 1–24 months).  
The required length of a precipitation data series is at least 20 years; however, longer time 
series are more reliable [15]. Drought events are indicated when the results of SPI become 
negative and smaller than −1,0. SPI values between 1 and -1 indicate ‘normal’ conditions, 
whereas positive values higher than 1 present wet conditions. 
SPI is based on the normalised gamma distribution of precipitation and presents several 
standard deviations of an average value. It can be used for various timescales, often between 
1 and 24 months, depending on the purpose of the drought analysis.  
SPI has defined limit values that depend on the relative frequency of drought, which enables 
the comparison of values for various locations or regions, as shown in Table 1. The equation 
used in SPI calculation is: 

SPI =
1

𝜎
(∑(𝑃𝑖 − 𝑃𝑎𝑣))

𝑛

𝑖=1

 (4) 

Where Pi is the precipitation in the year or month; Pav is the average value of the analysed 
series of precipitation in the obtained period; σ is the standard deviation of the data series. SPI 
calculation can be performed using an SPI generator [16]. 
Different timescales are included along with the precipitation deficit accumulated during each 
drought. Negative SPI values represent the accumulated precipitation deficit for each drought 
event as the sum of the monthly precipitation deviations from the mean during a drought event 
[14]. The same cumulative precipitation frequencies were valid for SPEI and NDI. 

2.1.6 Standardized Precipitation Evapotranspiration Index (SPEI) 

This method was developed by Vicente-Serrano et al. in 2010 [1]. It relies on the SPI method, 
but also includes the air temperature. Thus, the index considers the effect of temperature on 
drought development through basic water balance calculations. Possible time steps are 
between 1 and 48 months or more (such as SPI). Previous investigations of drought in Croatia 
confirmed that the most appropriate drought index in Croatian meteorological conditions SPEI 
owing to the potentially significant increasing trends of air temperature [17,8]. Potential 
evapotranspiration was calculated using the Thornthwaite equation. SPEI has defined limit 
values equal to those of the SPI method, making it easier to compare the two methods. 
The procedure for calculating SPEI is similar to that used for SPI. However, SPEI uses the 
difference between precipitation and reference evapotranspiration (P – ETo) rather than 
precipitation. Equation (4) then changes to the following form: 

SPEI =
1

𝜎
(∑((𝑃𝑖 − 𝐸𝑇𝑜𝑖) − (𝑃𝑎𝑣 − 𝐸𝑇𝑜𝑎𝑣))

𝑛

𝑖=1

 (5) 

Where Pi is the precipitation in the year or month i; Pav is the average value of the analysed 
series of precipitation in the obtained period; EToi is potential evapotranspiration of the year 
or month; EToav is the average value of the analysed series of potential evapotranspiration in 
the obtained period; σ is standard deviation of data series. 
As presented in Table 1, SPI and SPEI have the same classification of drought: negative 
values smaller than -1,0 designate droughts of different severity ranges. RAI has a similar 
classification, but the range of moderate and severe drought classes is more comprehensive, 
leading to more rigorous criteria for extreme drought (≤ −3,0). AI has a completely different 

scale for drought severity. All values are positive, ranging between 0,65 and 0,05 or smaller. 
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Table 1. Limit values for the SPI, SPEI, RAI, and AI 

Classification 

SPI, SPEI, NDI [1; 6; 14; 20] 

RAI [12] Classification AI [11] 
Range 

Cumulative 
precipitation 
frequencies 

Probability 
of event 

Extremely wet ≥ 2,0 0,977 to 1,000 2,3 ≥ 3,0 Hyper-arid < 0,05 

Very wet 1,50 to 1,99 0,933 to 0,977 4,4 2 to 2,99 Arid 0,05 to 0,20 

Moderately wet 1,00 to 1,49 0,841 to 0,933 9,2 1,0 to 1,99 Semiarid 0,2 to 0,5 

Normal 
−0,99 to 

0,99 
0,159 to 0,841 68,2 0,5 to (−0,5) 

Sub-humid-
dry 

0,50 to 0,65 

Moderately dry 
−1,49 to  
(−1,00) 

0,067 to 0,159 9,2 
−1,00 to  
(−1,99) 

Humid > 0,65 

Very dry 
−1,99 to  
(−1,50) 

0,023 to 0,067 4,4 
−2,00 to 
(−2,99) 

--- --- 

Extremely dry  −2,0 0,000 to 0,023 2,3  −3,0 --- --- 

 
SPEI was calculated using the SPEI R package, which consists of a set of functions for 
computing potential evapotranspiration and several widely used drought indices, including 
SPEI [18]. 

2.1.7 Statistical methods 

The methods used to compute the similarities or dissimilarities between variables (drought 
indices) were different correlation analyses suitable for determining whether the correlations 
were significant. Two correlation coefficients were applied, Spearman and Pearson, to detect 
correlations between the five sets of quantitative continuous variables (drought index values). 
The Pearson correlation coefficient corresponds to the classical linear correlation coefficient, 
whereas the Spearman correlation coefficient is based on the rankings of observations and 
not on their values. Therefore, the two coefficients have different statistical backgrounds. 
The described methods were applied to data series of precipitation, air temperature, and 
evapotranspiration obtained in two Croatian regions presented by meteorological stations, Split 
and Donji Miholjac in the same time period between 1981 and 2022 on a monthly basis. 

3 Results 

Figure 3 presents the results with distinguished values of extreme drought events calculated 
using SPI, NDI, SPEI, RAI, and AI [19]. 
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Figure 3. Monthly values of drought indices (SPI, NDI, SPEI, RAI, AI) for the period 
1981–2022 for both meteorological station 

Spearman and Pearson correlations were applied to compare the results obtained using 
different well-known drought indices with NDI. 
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Table 2. Correlation matrix (Spearman) 

DONJI MIHOLJAC 

Variables AI SPI SPEI NDI RAI 

AI 1,000 0,806 0,800 0,684 0,726 

SPI 0,806 1,000 0,965 0,742 0,826 

SPEI 0,800 0,965 1,000 0,855 0,817 

NDI 0,684 0,742 0,855 1,000 0,689 

RAI 0,726 0,826 0,817 0,689 1,000 

SPLIT 

Variables AI SPI SPEI NDI RAI 

AI 1,000 0,521 0,469 0,326 0,533 

SPI 0,521 1,000 0,915 0,556 0,973 

SPEI 0,469 0,915 1,000 0,726 0,907 

NDI 0,326 0,556 0,726 1,000 0,548 

RAI 0,533 0,973 0,907 0,548 1,000 

Table 3. Correlation matrix (Pearson) 

DONJI MIHOLJAC 

Variables AI SPI SPEI NDI RAI 

AI 1,000 0,694 0,746 0,656 0,663 

SPI 0,694 1,000 0,943 0,720 0,784 

SPEI 0,746 0,943 1,000 0,857 0,809 

NDI 0,656 0,720 0,857 1,000 0,692 

RAI 0,663 0,784 0,809 0,692 1,000 

SPLIT 

Variables AI SPI SPEI NDI RAI 

AI 1,000 0,640 0,657 0,496 0,677 

SPI 0,640 1,000 0,942 0,762 0,934 

SPEI 0,657 0,942 1,000 0,865 0,931 

NDI 0,496 0,762 0,865 1,000 0,757 

RAI 0,677 0,934 0,931 0,757 1,000 

 
Both methods showed a high correlation between NDI and other drought indices, but the most 
correlated indices were NDI and SPEI. According to the Spearman correlation matrix, it was R 
> 0,7; and according to the Pearson matrix, it was R > 0,8. Based on these results, further 
analysis of the correlations between extreme droughts was provided for NDI and SPEI. The 
correlation between AI and NDI was the lowest (R < 0,7). However, a significant difference 
was observed between the correlation coefficients for the Split region (0,4 < R < 0,5) and Donji 
Miholjac region (0,65 < R < 0,7) calculated using both methods. This can be explained by the 
weaknesses of AI which lie in its slow reaction in specific regional climates. In addition, AI does 
not consider the meteorological conditions of the previous months/years [2] and has no 
negative values in its classification. 
Different precipitation regimes, from wet to dry [1; 6; 14; 20], are presented in Table 1, and a 
different range of SPEI values (between < -2,0 and > 2,0) is related to cumulative precipitation 
frequencies. A presentation of the cumulative precipitation frequencies is given in Figure 4, 
which shows that most of the months between 1981 and 2022 had normal precipitation regimes 
designated at the Split and Donji Miholjac meteorological stations (grey squares). Precipitation 
regimes classified as dry and wet (red and blue squares, respectively) were much less frequent 
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on a monthly basis. The dry and wet regimes included all three classification levels (moderate, 
very, and extreme). The procedure included ranking all data values in descending order and 
calculating the cumulative precipitation frequencies corresponding to certain probabilities. As 
shown in Table 1, the obtained values between 0 and 0,159 were characterized as moderately, 
very, and extremely dry with event probabilities of 9,2; 4,4; and 2,3 respectively. 

 

Figure 4. Cumulative precipitation frequencies as a basis for ranging different 
precipitation regimes for both meteorological station 

For water management and risk analysis owing to extreme hydrological events driven by 
climate change impacts, the most important are precipitation regimes classified as very dry 
(values between −1,99 and −1,50) and extremely dry (values smaller than −2,0) characterised 
by severe precipitation deficit. 
Figure 5 shows the correlation between NDI and other indices for extreme drought events. 
Comparing the correlations for all monthly values presented in Table 3, the correlation 
coefficients of extremes were lower but still > 0,5, and NDI had the highest correlation with 
SPEI. The correlations of other variants were much lower: < 0,2 and < 0,4 for Split and Donji 
Miholjac, respectively. 



Tadić, L. et al. Comparison of the New Drought Index with various well-known drought indices 

 

ACAE | 2025, Vol. 16, Issue No. 31 

 

Page | 40  

 

 

Figure 5. Correlation between NDI and other indices for extreme drought events for 
both meteorological station 

4 Discussion  

At both meteorological stations, a statistically significant increase in air temperature was 
previously determined with no significant annual change in precipitation (Figure 2) [8]. The time 
step for calculating drought indices is one month, which is frequently used to determine the 
first indication of drought occurrence (deficit in precipitation and soil moisture). Monthly values 
of drought indices (SPI, NDI, SPEI, RAI, AI) for the period 1981-2022 for both meteorological 
stations, presented in Figure 3, showed a more frequent occurrence of extreme drought 
calculated using NDI and RAI with values of indices lower than −2,0. In addition, a high 
correlation between these two methods could be expected, but the results showed a better 
correspondence NDI with SPEI. There are two reasons for this: Both indices use two 
meteorological parameters, precipitation and air temperature, and they have a better 
correlation in the range of normal precipitation regimes, with precipitation frequencies between 
0,159 and 0,841 (Table 1, Figure 4). The obvious divergence of the results in the range of dry 
and wet conditions favours NDI; extreme values are more pronounced. However, the timing of 
extreme values have good correspondence [22]. 
The highest correlations between NDI and SPEI were confirmed using two correlation 
coefficients, Spearman and Pearson (Tables 2 and 3), which showed very similar values, 
particularly for data obtained from the continental part of Croatia (Donji Miholjac meteorological 
station). 
However, the correlations among NDI, RAI and SPI were also respectable, regardless of the 
specific characteristics of the methods. This leads to the recommendation that a multi-index 
approach for drought-severity estimation is the most appropriate. No ideal global drought index 
exists [22; 23]. Focusing on extreme drought severity, the correlation coefficients of monthly 
values were lower than those of the complete data series. In this case, the dataset was much 
smaller, and a large portion of the data related to the normal precipitation regime was omitted. 
Again, very similar values were obtained for the continental and Mediterranean parts of 
Croatia; however, more frequent extremely wet periods in the continental part of the country 
were detected by all drought indices (Figure 5). 
To summarise, the tested drought indices NDI, RAI, SPEI, SPI, and AI have strengths and 
weaknesses (Table 4). Most have the same characteristics, such as simplicity of calculation. 
Some of them are one-parameter indices with two-sided views. On the one hand, this 
guarantees simplicity, and on the other, this can be disadvantageous in future periods of 
increasing air temperatures on a global scale. The main strength of NDI is its simple 
calculation, and thus far, it has proven its applicability in different climates and geographical 
regions on the four continents. In addition to Croatia [4; 6; 24], it has been applied in China, 
Brazil, the USA, India, Afghanistan, Pakistan, Iran, Mexico, and Slovakia [25-38]. 
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Table 4. Strengths and weaknesses of the tested drought indices [2; 21] 

Index Strengths Weaknesses 

AI 

• Easy calculation 
• Two inputs: precipitation and air 

temperature 
• Various time scales 

• Does not consider carry-over of 
dryness from year to year 

• May be slow to react in certain 
climates 

RAI 

• Easy calculation 
• Only one input: precipitation 
• Various timescales 

• Requires a serially complete dataset 
with estimates of missing values 

• Only one input: precipitation 
• Variations within the year must be 

small compared with temporal 
variations 

SPI 

• Easy calculation 
• Only one input: precipitation 
• Possibility of using poor data sets 
• Applicability in all climate regimes 
• Various time scales 
• Available computer program 

• Only one input: precipitation 
• Questionable application to areas with 

long periods without precipitation 

SPEI 

• Two inputs: precipitation and air 
temperature 

• Index appropriate when looking at 
the impact of climate change under 
various future scenarios. 

• Available computer program 
• Applicable for all climate regimes 

• Dataset for both temperature and 
• precipitation should be complete 
• Rapidly developing drought scenarios 

may not be identified quickly 

NDI 

• Two inputs: precipitation and air 
temperature 

• Easy calculation 
• Suitable for application in increasing 

temperature conditions 

• Not sufficiently tested 
• Dataset for both temperature and 
precipitation should be completed 

 
 

5 Conclusions 

This research was conducted to test Bonacci's recently developed New Drought Indicator 
(NDI) (2021) by comparing its results with those of well-known and established meteorological 
drought indices. This study assumed that the data series of monthly precipitation and air 
temperature obtained in the two regions over 42 years (1981-2022) were reliable for research. 
NDI has strengths similar to those of other prominent indices, but more testing on large spatial 
and temporal scales is required. To evaluate drought indices, they should be analysed in terms 
of the damage caused by the drought. It is a very complex task and, at this moment, has still 
not been sufficiently explored. 
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