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Extended Abstract

Introduction

Traditional hydrological time series analyses often assume stationarity, particularly in the estimation of drought
indices such as the Standardized Precipitation Index (SPI). However, increasing climate variability and
anthropogenic influences have introduced significant non-stationarity into hydrological processes. Generalized
Additive Models for Location, Scale, and Shape (GAMLSS) offer a flexible framework for modeling such
dynamics by allowing distribution parameters to vary over time or in relation to covariates. Recent studies suggest
that non-stationary modeling improves drought characterization, particularly at longer time scales. Yet, findings
remain mixed: while some report better accuracy with non-stationary approaches, others find stationary models
still perform adequately, depending on regional and climatic factors. Given these variations, regional validation
becomes essential. This study evaluates the performance of a non-stationary SPI-based index, referred to as SPIt,
in comparison with the traditional stationary SPI. By comparing the two indices, the study aims to assess whether
accounting for non-stationarity leads to more accurate drought representation in semi-arid climates.

Materials and Methods

The study focuses on five meteorological stations: Pol-Zal, Bostan, Pol-Kohneh, Noorabad, and Halilan, spanning
a historical data period ranging from 1971 to 2022 (C.E.), depending on the rain gauge station availability. These
stations were selected due to their diverse altitudes, geographical spread within the Karkheh Basin (The latitude
range is 47 to 48 degrees north and longitude 31 to 34 degrees east), and sufficiently long precipitation records,
especially for the winter season (December to February), which accounts for the bulk of annual rainfall in the
region. Precipitation data were analyzed for stationarity using the non-parametric Mann-Kendall trend test.
Stations exhibiting significant trends were modeled using non-stationary GAMLSS, where the shape parameter
of the gamma distribution was allowed to vary with time using polynomial functions optimized through the Akaike
Information Criterion (AIC). The study employed a two-parameter gamma distribution to model winter
precipitation in both stationary and non-stationary conditions. For drought assessment, two indices were used:
SPI, which assumes stationary gamma-distributed precipitation, standardized to a normal distribution, and SPIt,
which extends SPI by allowing the shape parameter of the gamma distribution to vary over time, thereby
accommodating non-stationarity.

Results and Discussion

The Mann-Kendall test revealed significant decreasing trends in precipitation at Polzal and Bostan stations at the
95% confidence level, and a similar albeit weaker trend at Norabad. No significant trends were detected at Pol-
Kohneh and Holilan. The goodness-of-fit tests (Kolmogorov-Smirnov and Chi-square) confirmed that the gamma
distribution was appropriate for all stations. GAMLSS modeling showed that non-stationary models outperformed
stationary ones at stations with evident trends. For instance, AIC values were reduced by 5, 6, and 1 units at Pol-
Zal, Bostan, and Norabad, respectively, indicating a better fit under non-stationary conditions. Time series
analysis of the shape parameter in GAMLSS revealed temporal variability at all stations, supporting the hypothesis
of non-stationarity. Worm plots for residual analysis confirmed model adequacy in both conditions, but
improvements in model residuals under non-stationarity were evident at trend-affected stations. A comparison of
SPI and SPIt indices indicated substantial differences in drought classification over time. At Polzal, years such as
1352 and 1354 showed no drought under SPI but were classified as moderate drought (D1) under SPIt. Similarly,
years with similar rainfall amounts (e.g., 127 mm in 1971 vs. 125 mm in 2010) were categorized differently in
SPIt, highlighting the model's sensitivity to underlying non-stationarity. At Holilan station, where no significant
trend was observed, SPI and SPIt provided nearly identical results, reaffirming the utility of SPIt in trend-sensitive
environments. A station-wise drought frequency comparison between SPI and SPIt further revealed that non-
stationary modeling generally results in higher estimated drought frequencies at trend-affected stations. For
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example, the frequency of droughts at Polzal increased from 48% (SPI) to 52% (SPIt). Similar increases were
noted at Bostan and Noorabad. Conversely, at Holilan and Polkohneh, where no significant trends were detected,
the drought frequency remained the same or slightly decreased under SPIt. Moreover, the frequency of severe
droughts (D4) decreased under the non-stationary model, with D4 events dropping from 2% to 0% at Pol-Zal,
from 3% to 0% at Bostan, and from 6% to 4% at Noorabad. This suggests that the SPI may overestimate drought
severity when stationarity is incorrectly assumed.

Conclusion

Long-term drought monitoring at various rain gauge stations highlights the importance of considering changes in
precipitation when making decisions and setting policies in watersheds. When significant trends are present,
drought analysis can be performed under either stationary or non-stationary assumptions, depending on the
objective. If the primary concern is drought frequency, non-stationary analysis is strongly recommended. Results
showed that at stations with trends such as Polzal, Bostan, and Norabad, the frequency of droughts was
underestimated under stationary analysis compared to non-stationary models. For example, frequencies increased
from 48, 48, and 43 (stationary) to 52, 52, and 47 (non-stationary), respectively. However, in non-trending
stations, stationary models may still provide reliable results for frequency estimation. In contrast, if the focus is
on severe droughts, stationary models may outperform non-stationary ones at trend-affected stations. Non-
stationary analysis yielded zero severe drought events, while stationary models identified 2, 3, and 6 cases in
Palzal, Bostan, and Norabad, respectively. In non-trend stations like Polkohneh and Holilan, non-stationary
analysis was more effective in detecting severe events. These findings align with previous research suggesting
that while non-stationary models, such as those using GAMLSS, offer better parameter estimation, stationary
models may sometimes better reflect reality in future projections. Therefore, although non-stationary modeling is
essential under climate variability, the choice of model should depend on the monitoring goal. It is also
recommended to incorporate time-varying variance and alternative probability distributions for better drought
characterization under potential extreme rainfall events.
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Figure 1- Study area (Karkheh Basin) and location of the rain gauge stations
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Table 1- Characteristics of the rain gauge of Polzal, Bostan, Plokohkeh, Norabad and Holilan stations including provinces,
geographic coordinates, elevation, time period and statistics

Station Height above sea

Statistical

Province Coordinates . Statistics
name level (m) period
Mean SD Skewness kurtosis
(mm) (mm)
480500 E
Polzal Khuzestan 32 48 00 N 350 1350-1401 226.52 122.69 0.81 0.11
4758 59 E
Bostan Khuzestan 3143 00N 50 1370-1400 88.67 54.75 1.24 2.31
470700 E
Pol kohneh Kermanshah 342100 N 1283 1350-1393 163.29 54.62 0.51 1.11
48 0000 E
Norabad Lorestan 3403 00 N 1800 1365-1396 198.1 73.68 0.8 1.09
. 471400 E
Holilan Ilam 33 44 00 N 910 1362-1397 127.2 47.41 0.55 0.01
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5 Time-dependent Standard Precipitation Index (SPIt)
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Figure 2- Winter precipitation time series, stations a) Polzal,
b) Bostan, c) Polkohne, d) Noorabad, e) Holilan
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Table 1- Drought and wetness classification for the SPI and

SPIt indices
Situation (wetness-drought) Index interval  Category
Normal More than 0 DO
Near normal 0~-1 D1
Moderate drought -1~-1.5 D2
Severe drought -1.5~-2 D3

Very severe drought Less than -2 D4
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Table 3- Mann-Kendall test Z and p-value at Polzal, Bostan,
Polkohneh, Norabad, and Holoilan

Station name P-value Z-statistic
Polzal 0.056 -1.91
Bostan 0.013 -2.48

Polkohneh 0.209 -1.25
Norabad 0.115 1.57
Holilan 0.313 -1
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Table 4- The p-values of goodness-of-fit tests KS and X?and correlation coefficients Q-Q-plot of the gamma distribution for stations

Station name p-value of KS test

p-value of X? test

Q-Q-plot correlation

Polzal 0.985
Bostan 0.982
Polkohneh 0.876
Norabad 0.992
Holilan 0.991

0.995 0.995
0.898 0.982
0.299 0.982
0.998 0.989
0.995 0.996
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Table 5- Estimated parameters of the gamma distribution in both stationary and non-stationary cases and AIC values

stationary model parameters

Nonstationary model parameters

Station name Shape (1) Rate (o) AIC - Shape (1) - Rate (o) AIC
Polzal 226.52 0.543 641 276(.)55 -2.(1)7 0.502 636
Bostan 88.67 0.59 330 127.06 -2.42 0.538 324

Polkohneh 163.28 0.34 479 179.98 -0.74 0.336 479
Norabad 198.1 0.365 365 156.16 2.55 0.347 364
Holilan 127.2 0.371 380 136.27 -0.49 0.369 381
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Figure 3- Time variations of gamma distribution parameters (a- shape parameter (p) ; b- rate parameter (o)) for non-stationary
model, Polzal, Bostan, Polkohne, Norabad, and Holilan stations

S 55 plen (M i) Yo L csla SIS 53 5
Ky 0y8 g jl (JSS slopl bla wgd o dlasMe
Sy Jde Gilpy o s (5598 Sl &5 Wlodd By
o8 se (g 09 05 e st YU sla Ll
(S5 olw (e bt bla) 0o 320 oluebl jlg 14900 10 K5,
o ol Gl sloodls i il S lgiee @)l )l
ol 4B Spgo o (JSid Ny peyn Sl
s 5l diwslys i) <l > GAMLSS Jao iz o2
2 dgd o danMe aS sy > pll ledly o e
o 9 Lales Syl e cayd iomia F S5 Gl Caand

Sl i il ) ol slaosledl Jages ¥ S
8 > Jl5 b olSaan) bl cslmasls (sl 5o (sllS
aanMe &S 465 lod .l oad 03l ivles Worm jlages
se 9 ol odd 3l sy Jlles (881 jgoe 395 oo
ol 1y Hao dxe jl osledl Sle BME] ((g3g0s
y osilasdly Clyssd gy €S0 o8 (dovie (ized B3
o b3 g bl 81 58,5 )5 &t b im0l
I 5aS Uik sl GAMLSS Jue cdS ol e
s blsleS 5550 50 .l 03l ploul 1) sos il ¢(:ko
Gl 00y Camday Jod BB il 35 uKhe I 5k



Ly

......... 31 el L SPIt 4ad L glue 3 owlisilor JUocSid (Slimll gl dupsd

Joas 45 ool oy sl ol 15 o Muls g 3bTy g5 canS' s

Wl 0d (6,095 )l 8Lyl 5l dlas codgame

o3 o s Je boles o)l J13 aoys A0 sl &b

gy Sk 85 ks IS5 058 286 5 42dls S ol

Deviation
-10 05 00 05 10 15
| | | |

-15

Unit normal quantile

05 10 15
1

Deviation
0.0
I
]
i
|
|
|
|
|
|
| -
1 e
b/
| -
\ o .
A 5
\‘ (o) [/

| i !

i i 1

\ i

H !

\ ]

-10 05
I

-15

Unit normal quantile

(<

Jlik 0! d(b) LIl g (a) L] Juto (15 Losile 8L worm 413905 —£ JSUS

Figure 4- Worm plot of residuals for the stationary (a) and non-stationary (b) models, Polzal station
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Figure 5- Time series of drought indicators, stations a) Polzal, b) Bostan, c) Polkohne, d) Norabad, and e) Holilan
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Figure 6- Classification of SPI (a) and SPIt (b) indices along with time series, Polzal station
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Table 6- The frequency values of drought in both the stationary and non-stationary states based on the statistical period of each

station, Polzal, Bostan, Polkohne, Norabad, and Holilan stations

Station name (%) Frequency of drought (%) Frequency of drought classes
Statistical period stationary non-stationary
stationary | non-stationary | DI | D2 | D3 | D4 | D1 | D2 | D3 | D4

Polzal 52 Year 48 52 31 10 5 2 36 9 7 0
Bostan 31 Year 48 52 35 7 3 3 42 10 0 0
Polkohneh 44 Year 47 41 27 11 7 2 26 7 4 4
Norabad 32 Year 43 47 28 9 0 6 28 9 6 4
Holilan 36 Year 50 50 33 11 3 3 33 11 3 3
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