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ARTICLE INFO. ABSTRACT

Drought, asa dynamic, multiscalar,and propagatingphenomenon, typically
initiatesas meteorological drought in arid and semi-arid regions and, after a
Research Paper distincttime lag, evolvesinto hydrological drought. However, many previous
studies have examined this relationship synchronously, without fully
elucidatingthe role of temporallag. This study aimsto analyze thetemporal

Avrticle type:

Article history pattern and propagation of drought in the Damghan region, with particular
Received: 16 February 2026 emphasis on identifying the delayed response of the hydrological system to

precipitation deficits. To this end, the reconnaissance drought index (RDI)
Revised: 04 April 2026 was calculated at 1-, 3-, 6-, 12-, and 24-month timescales, while the
Accepted: 18 April 2025 streamflow drought index (SDI) was derived from surface runoff data.

Lagged correlation analysis wasemployed to investigate the temporal linkage
between meteorologicaland hydrologicaldroughts,and drought trends were
assessed using the non-parametric Mann—-Kendall test and Sen’s slope
estimator. The results indicate that the strongest correlation between
meteorological and hydrological drought occurs at a three-month lag (r =
0.71, p < 0.001), highlighting the presence of hydrological memory and a
delayed streamflow response to reduced precipitation. Moreover, SDI
exhibited greater variability than RDI at short-term timescales, whereas a
more persistent pattern of hydrological drought emerged at longer timescales.
By explicitly focusing on lag-time analysis, this study provides, for the first
time, a quantitative framework for explaining the propagation of
meteorological drought into hydrological drought in the Damghan region.
The findingsaddressa critical gap in studies relying on synchronousdrought
analysis and offer a scientific basis for effective drought monitoring and
sustainable water resources management in semi-arid regions.
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EXTENDED ABSTRACT

Introduction: Drought is a gradual, multi-stage phenomenon in the hydrological cycle, beginning with
precipitation deficits and, after a certain time lag, leading to reductions in surface runoff and groundwater
resources. Despite the importance of this temporal lag, many studies have examined the relationship between
meteorologicaland hydrological droughts without considering system response delays. Drought monitoring using
standard indicators is a tool for sustainable water resource management and adaptation to climate change. The
reconnaissance drought index (RDI) has a special place in drought studies due to its quantitative calculation,
comparability in different assessments, and use of long-term data. The RDI enables multi-scale drought analysis by
allowing it to be used in different periods of short-term droughts (RDI-3 — RDI-1), medium-term droughts (RDI-6),
and long-term droughts (RDI-12 — RDI-24). Another standard indicator for assessing water scarcity in various
studiesis the stream drought index (SDI). Recent studies show that the intensity and timing of drought transitions
are strongly dependent on climatic characteristics, watershed physical conditions, water storage capacity, and
timing of the indices. In particular, hydrological systems typically respond with a time lag of several months,
reflecting the role of cumulative storage such asinfiltration, soil, and recharge aquifers. This study aims to quantify
the time lag in drought propagation from meteorologicalto hydrological systemsin the Damghan Watershedandto
identify the dominant response delay of river flow to precipitation deficits.

Methodology: The Damghan Watershed, covering approximately 13,000 km?, is located in a semi-arid climate,
with annual rainfall ranging from 160 to 446 mm and elevations between 1281 and 3744 m. The climatic,
hydrological, and geological characteristics have made Damghan Watershed a suitable example for analyzing
the multiscale behavior of meteorological and hydrological droughts and examining the response of
groundwater systems to climate change. Monthly precipitation and streamflow data from 1990 to 2020 were
analyzed,and data quality was controlled using statistical tests (Grubbs test at 95% confidence). Meteorological
drought was assessed using the RDI, while hydrological drought was evaluated using the SDI at 1-, 3-, 6-, 12-,
and 24-month timescales. Standardized RDI and SDI series were calculated for multiple timescales to capture
temporal variations in drought conditions. Pearson correlation analysis was applied to evaluate the relationship
between meteorological and hydrological droughts, and lagged correlation analysis was performed to identify
the dominant response delay of river flow to precipitation deficits. Long-term trends and changes in drought
severity were assessed using the Mann-Kendall test and Sen’s slope estimator, while aggregation of indices over
different timescales (1-24 months) was conducted to examine the effect of temporal scale on drought
propagation and the cumulative behaviorof the system.

Results and Discussion: Pearson correlation analysis between standardized RDI and SDI for 2008-2018 (120
months) showed a moderate concurrent correlation (Lag 0, r = 0.48 at the 3-month scale), while lagged
correlation peaked at a three-month delay (r =0.71, p <0.001), indicating a three-month hydrological memory
in the system. Short-term scales (1-3 months) exhibited high variability in SDI (+2.1 to —2.4) and RDI (+1.8 to
—2.0), whereas long-term scales (12—-24 months) were more stable, with severe droughts (SDI <—1.5) persisting
longer. Mann-Kendall and Sen’s slope analyses revealed a significant decline in wet conditions and an
increasing frequency of moderate to severe droughts at the 24-month scale. Scale analysis further showed that
correlation generally increased with aggregation period, but the three-month lag consistently displayed the
highest correlation, highlighting its key role in water stress propagation. These results indicate that the Damghan
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Watershed requires approximately three monthsto convert a meteorological drought signal into reduced surface
runoff, a lag influenced by soil moisture storage, infiltration, aquifer recharge, and the region’s geological
structure. Overall, the findings suggest that drought is not an instantaneous event but a cumulative, time-
dependent process, with maximum intensity transfer at medium -term scales, and understanding this delay can
enhance early warning systems aswell as guide water resource planning and reservoir management.

Conclusion: By integrating multi-scale drought index analysis with lagged correlation assessment, this study
provides a quantitative framework to understand the temporal propagation of drought. The identification of a
dominant three-month response delay highlights the watershed’s hydrological memory and can improve river
flow forecasting, supporting climate-adaptive water management policies in semi-arid regions. Despite the
significant results, it should be noted that the hydrological drought analysis in this study was based on data from
a single hydrometric station; therefore, the findings related to SDI are not representative of the behavior of the
entire Damghan Watershed and their generalization to the entire region should be done with caution. However,
the analytical framework presented in this study, especially the use of time-lag correlation analysis, has the
potential to be applied to other watersheds and similar studies. Overall, this study, focusing on time-lag analysis,
provides a quantitative framework for explaining the transition from meteorological drought to hydrological
drought, which can help improve drought monitoring, better understand the response of hydrological systems,
and support decision-making in water resources management in semi-arid regions. It is suggested that future
research, by utilizing data from multiple hydrometric stations and conducting spatial analyses, will enhance the
generalizability of the results and provide a more comprehensive picture of hydrological drought behavioratthe
basin level.
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! Meteorological data were obtained from the Iran Meteorological Organization (IRIMO)
2 data were provided by the Iran Water Resources Management Company (IWRMC)
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Table 2- Characteristics of critical drought periods at different stations based on the RDI index

Station  Index Scale  Drought Duration (months) ~ Mean Intensity (RDI)  Critical Years Drought Type

S1 RDI-1 6 -1.25 2013 Severe short-term
S1 RDI-3 6 -1.02 2013 Moderate short-term
S; RDI-6 10 -1.12 2013-2014 Moderate short-term
S1 RDI-12 12 -1.68 2000 Severe medium-term
St RDI-24 16 -1.92 2014 Very severe long-term
S2 RDI-1 7 -1.05 1990 Moderate short-term
Sz RDI-3 7 -1.01 1990 Moderate short-term
S, RDI-6 12 -1.02 1990-1992 Moderate short-term
S RDI-12 17 -1.88 1990-1996 Severe long-term
S RDI-24 15 -1.21 1990-1996 Severe long-term
S3 RDI-1 7 -1.02 1995 Moderate short-term
S3 RDI-3 7 -1.12 1995 Moderate short-term
S3 RDI-6 12 -1.21 1995-2013 Severe long-term
S3 RDI-12 19 -2.01 1995-2015 Very severe long-term
S3 RDI-24 16 -1.25 1995-2015 Severe long-term
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Figure 4- Droughtintensity at stations and across different time scales
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Figure 5- Minimum and maximum RDI index values in the Damghan Watershed
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Figure 6- Percentage frequency of RDI droughts during different periods
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Figure 8- Trend of RDI, SDI, and precipitation in Damghan Watershed
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Table 3- Trend results of RDI and SDI indices at time scales

Index Z (MK) Sen’s Slope Index Z (MK) Sen’s Slope
RDI-1 -1.05 -0.010 SDI-1 -1.32 -0.011
RDI-3 -1.88 -0.022* SDI-3 -2.05 -0.025x
RDI-6 -2.24 -0.030* SDI-6 -2.65 -0.030=
RDI-12 -2.85 -0.040** SDI-12 -3.10 -0.050
RDI-24 -1.92 -0.028* SDI-24 -2.45 -0.045x

**p <0.01, *p<0.05
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Table 4- Pearson correlation coefficient between RDI and SD1 across time scales

Index Pearson correlation
1-month 0.78
3-month 0.81
6-month 0.8

12-month 0.83
24-month 0.79
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Table 5- Pearson correlation coefficients (r) and significance levels (p-values) between the RDI and SDI at different
time lags (overlapping period: 2008—-2018)

Lag (months) r (RDI-SDI) p-value Significance

0 0.42 0.018 *

1 0.55 0.006 **
2 0.63 0.001 **
3 0.71 <0.001 i
4 0.60 0.003 *x
5 0.48 0.021 *

6 0.32 0.084 Ns
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Table S1- Summary of quality control procedures meteorological and hydrometric station in Watershed Damghan

. Period Total Missing Corrected  Removed Final Reason for
Data type Station name (Year) records data(%) data (%) data (%) status exclusion
L Damghan Synoptic ~ 1990-
Precipitation Station 2020 11,232 4.2 2.1 0.8 Accepted —
Fooladmahaleh 1990
Precipitation Climatological 11,232 6.5 3.0 1.2 Accepted —
. 2020
Station
Chahardeh
N Damghan 1990
Precipitation Climatological 2020 11,323 8.9 4.1 15 Accepted —
Station
. More than
Precipitation Shah_mlrzaq 1990- — >10 — — Excluded  10% missing
Synoptic Station 2020 data
e Sah Rain Gauge 1990 o o o Temporal
Precipitation Station 2020 <10 Excluded discontinuity
N Rudbar Damghan 1990 Short data
Precipitation  pain Gauge Station 2020 o <10 B T Excluded record length
. Lack of
A Momenabad Rain 1990
Precipitation Gauge Station 2020 — <10 — — Excluded temporal
overlap
Damghan Azad 1990 Data
Precipitation University Rain — <10 — — Excluded recording
A 2020
Gauge Station error
Astaneh
Precipitation Climatological 1990~ — <10 — — Excluded _Temp_o ra_l
. 2020 discontinuity
Station
Dam Outlet 2008
Streamflow Hydrometric 2,018 7.3 35 1.0 Accepted —
. 2018
Station
Astaneh 2008 More than
Streamflow Hydrometric — >10 — — Excluded  10% missing
. 2018
Station data
Labroud 2008 More than
Streamflow Hydrometric — >10 — — Excluded  10% missing
- 2018
Station data
. More than
Streamflow Sah Hydrometric 2008 >10 — — Excluded  10% missing
Station 2018 data
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Table S2- Lagged correlation analysis of the SDI index across different periods (2008—2018)

Time Lag Correlation Coefficient (r)— Full  p-value Correlation Coefficient (r)— p-value Difference (Ar)
(Months) Period (SDI, 2008-2018) Overlapping Period (2008-2018)

0 0.52 >(0.001 0.52 >(0.001 No change

1 0.61 >0.001 0.6 >(0.001 Negligible

2 0.68 >0.001 0.67 >0.001 Negligible

3 0.71 >0.001 0.7 >0.001 Negligible

¥ 0.65 >0.001 0.64 >0.001 Negligible

o 0.55 <0.05 0.54 <0.05 Negligible

7 0.42 0.05< 0.41 <0.05 Not significant

No significant change (No change), Negligible change (Negligible), Statistically insignificant (Not significant)
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Table S3- Comparison of descriptive statistics (mean and minimum values) of the RDI and SPEI indices at different timescales
(1990-2020)

Time Scale Mean Minimum Mean Minimum Correlation Coefficient (r) between RDI and
(Months) RDI RDI SPEI SPEI SPEI

1 -0.45 -2.12 -0.42 -2.05 0.92

3 -0.68 -2.61 -0.65 -2.45 0.9

6 -0.82 -2.45 -0.79 -2.45 0.88

12 -1.03 -2.29 -0.98 -2.20 0.87

24 -1.15 -2.06 -1.10 -1.98 0.85
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