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Abstract

This study examines the relationship between the El Nifio—Southern Oscillation (ENSO), the Indian Ocean
Dipole (IOD) and seasonal streamflow variability. Streamflow was simulated using the Soil and Water
Assessment Tool Plus (SWAT+) during two specific land-use periods (2000 and 2023), integrating
topographic, soil, land-use and climate data, and evaluated at three lower stations: Muara Kilis, Sungai Duren
and Simpang Berbak. Pearson and partial correlation analyses were used to assess antecedent June-July-
August (JJA) and concurrent September-October-November (SON) climate conditions against September-
November (SON) streamflow. Both ENSO and 10D showed consistently negative relationships with SON
streamflow. The results reveal distinct seasonal patterns: JJA conditions showed clearer ENSO-streamflow
relationships, whereas during SON, the IOD-streamflow relationships became more pronounced, with
correlation reaching -0.64 at Muara Kilis. Partial correlation showed that the associations remained
significant after accounting for the other climate index, although their magnitudes varied in the JJA-SON
and SON-SON relationships. These findings demonstrate seasonal and spatial variability in climate-
streamflow relationships across the lower Batanghari River Basin.

Keywords: Batanghari; ENSO; 10D; streamflow

1. Introduction

Global climate variability is one of the primary factors controlling water availability patterns and
hydrological dynamics worldwide, particularly in tropical regions that are highly sensitive to
changes in atmospheric and oceanic circulation (Caretta et al., 2023). Climate variability refers to
the natural fluctuations of the climate system over time, driven by large scale processes such as
the El Nifio Southern Oscillation (ENSO) and IOD (Norel ef al., 2021). Within the hydrological
system, streamflow represents a key component that reflects the integrated response of atmos-
pheric processes, surface characteristics, and the biophysical conditions of a river (Chen et al.,
2019; Depetris, 2021). Variations in streamflow are associated with both large-scale climate var-
iability and anthropogenic activities, ultimately affecting water availability and even triggering
hydrometeorological hazards (J. Gao et al., 2025; H. Wang et al., 2024).

Over the past decades, numerous studies have demonstrated that global climate phenomena such
as ENSO are closely associated with hydrological variability through their relationship with at-
mospheric circulation and precipitation patterns. ENSO consists of two primary phases: El Nifio,
which is associated with anomalous warming of the sea surface temperature (SST) in the eastern
Pacific and is typically linked to drier conditions in Indonesia; and La Nifia, which is associated
with enhanced rainfall (Iskandar et al., 2019; Kurniadi et al., 2021; Suwarman et al., 2017). At
the global scale, ENSO has been shown to generate distinct runoff anomalies across major river
basins worldwide (You et al., 2021). At the basin scale, streamflow variability has also been
closely associated with seasonal rainfall dynamics and monsoonal systems (Shelton & Lin, 2019).

On the other hand, the Indian Ocean Dipole (I0D) develops over the Indian Ocean and represents
the sea surface temperature gradient between its western and eastern regions. The positive phase
of IOD is often associated with drier conditions in western Indonesia, whereas the negative phase
is linked to increased rainfall (Permatasari et al., 2022; Putri Maulida ef al., 2025). The interaction
between ENSO and IOD (climate mode coupling) can amplify or dampen climate anomalies; for
instance, the co-occurrence of El Nifio and a positive IOD can lead to more severe hydrological
drought conditions (Mulsandi et al., 2024; Xiao et al., 2022). Recent studies indicate that the
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combined occurrence of ENSO and IOD may produce more complex hydrological responses com-
pared to the influence of each phenomenon individually (Jia et al., 2023).

Despite extensive research on the relationships between ENSO, 10D and precipitation, under-
standing of the association between these two climate modes and streamflow variability remains
incomplete, particularly in tropical regions. Most previous studies have focused primarily on pre-
cipitation or have analyzed ENSO-related relationships independently, resulting in limited explo-
ration of the integrated hydrological response represented by streamflow (Jia et al., 2023; Sinaga
etal., 2022; You et al., 2021).

Given that Indonesia is located between the Pacific and Indian Oceans, rainfall patterns and geo-
hydrodynamic conditions across the region are closely linked to ENSO and IOD variability
(Hanifa & Wiratmo, 2024; Kurniadi ef al., 2021; Mulsandi et al., 2024). This mechanism operates
through changes in the Walker circulation, which modulates convection over the Indonesian mar-
itime continent. In the Indonesian context, the Batanghari River Basin represents one of the largest
and most important river systems in Sumatra. The river serves as a primary source of water for
domestic use, agricultural irrigation, hydropower generation, transportation and the sustainability
of wetland and peat-swamp ecosystems. The basin’s complex characteristics, including variations
in topography, geology and land use, strongly influence hydrological processes such as runoff
generation and infiltration (Aswandi et al., 2023).

Numerous studies of the Batanghari River Basin have shown that the system is highly vulnerable
to changes in land use and climate. Land cover changes characterized by deforestation and agri-
cultural expansion have been associated with higher surface runoff and sediment loads, with po-
tential implications for floods and droughts (Ridwansyah et al., 2023). In addition, hydrological
modelling studies have demonstrated that climate change may increase the frequency and extent
of flooding, particularly in the downstream areas of the basin (Yamamoto et al., 2021). Other
studies have also indicated an increasing trend in extreme rainfall events, which is strongly cor-
related with rising flood occurrences in the region (Handoko ez al., 2023; Nursaputra et al., 2026).

Nevertheless, most previous studies have primarily focused on the relationships between land use
change and climate change in general, with ones explicitly linking large scale climate variability
such as ENSO and 10D to hydrological responses in terms of streamflow variability in the Ba-
tanghari River Basin remaining very limited. Furthermore, most studies have not considered the
downstream region as an integrator of overall watershed processes, which in fact represent the
accumulated response to climate variability and environmental changes.

Therefore, this study analyzes and evaluates the relationship between ENSO, IOD and monthly
streamflow variability in the lower Batanghari River Basin during the period 1993-2023. To
achieve this objective, a semi-distributed hydrological modelling approach using the Soil and
Water Assessment Tool (SWAT+) was employed, as this is able to represent the complex inter-
actions between topography, land use, soil properties and climatic factors. By integrating multi-
decadal geospatial and climatological datasets, the study aims to accurately simulate monthly
streamflow dynamics and examine the relationship between climate variability, represented by
ENSO and 10D indices, and streamflow variability at the river outlet (Marhaento et al., 2018;
Semlali ef al., 2017; Shabir et al., 2025). The results are expected to provide scientific contribu-
tions toward understanding the link between global climate teleconnections and hydrological re-
sponses in tropical regions, as well as supporting water resource management and hydrometeor-
ological disaster risk mitigation in Jambi Province.

2. Methods
2.1. Study Area and Analytical Design

The study area was the Batanghari River Basin in Jambi Province, Indonesia, as shown in Figure
1. The basin is located between S 01°15'00" to S 02°02'00" and E 102°30'00" to E 104°30'00. Its
topography ranges from flat and gently sloping lowlands to undulating, hilly and mountainous
terrain. The topographic characteristics were derived from a digital elevation model (DEM).
Based on this, elevations below 200 m above sea level occupy approximately 65.39% of the basin
area, whereas slopes of 0-8% account for approximately 77.33%. The upper Batanghari catch-
ment functions as a headwater area, with predominantly steep and very steep terrain, whereas the
downstream region is characterised by a narrower sub-basin and predominantly flat topography.

These heterogeneous geological formations give rise to a diverse set of soils within the basin.
Geologically, it is underlain by young alluvial deposits and the Palembang Formation (lower—
middle—upper members). The dominant soil type is Dystropepts (42%), followed by Tropudults
(25%) and Tropaquepts (5.5%), with generally fine to moderately fine textures that are highly
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susceptible to erosion. The Schmidt—Ferguson climate classification designates the basin as an
Am (wet) climatic type, characterized by an average annual precipitation of approximately 2,500
mm and a mean temperature of 26 °C. The precipitation pattern adheres to an equatorial monsoon
model, characterized by a primary rainy season in November and December and a comparatively
arid interval from June to August (Aswandi et al., 2023).

Figure 1. Study area: Batanghari River Basin, Sumatra Island, Indonesia (Source: BPDAS Batanghari Jambi,
2024)

The Batanghari River Basin, covering approximately 4.44 million hectares, consists of five major
sub-basins: (1) Upper Batanghari, (2) Batang Tebo, (3) Batang Merangin—Tembesi, (4) Batang
Tabir, and (5) Lower Batanghari. Batang Tebo, Batang Merangin—Tembesi and Batang Tabir are
sometimes collectively represented as the Middle Batanghari sub-basin (KemenPUPR, 2021).
Each sub-basin exhibits distinct physiographic characteristics and land-use conditions, which may
contribute to differences in hydrological responses associated with climate variability. To
examine streamflow variability at different locations within the lower part of the basin, river
streamflow analysis was conducted at three gauging stations: Muara Kilis, Sungai Duren and
Simpang Berbak. These stations were selected based on their locations along the lower Batanghari
River, which encompass different lower settings. Muara Kilis is located in the lower zone, but
near to the transition from the middle basin, whereas Sungai Duren functions as a transitional area
towards the coastal region. Simpang Berbak represents the lowest downstream point approaching
the coast. Differences in soil types between these sites provide a scientific basis for assessing how
land surface characteristics association the hydrological responses.

The hydrological analysis was designed to characterize streamflow variability across the
Batanghari River Basin over the 1993-2023 period. Two specific LULC datasets were
incorporated into the SWAT+ modelling framework to generate streamflow simulations for the
corresponding periods. After model calibration, the simulations were used to construct a
continuous streamflow series for the period. The resulting streamflow series was then analyzed in
relation to rainfall variability, extreme events, seasonal characteristics, and climate variability.
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The overall sequence of data preparation, watershed delineation, HRU definition, SWAT+
simulation, calibration and subsequent streamflow analysis is presented in Figure 2.

Data Input

LULC 2000 Data Input LULC 2023

Watershed Delineation

HRU Definition

Climate Data Input

Simulation
(warm up = 1 year)

Calibration

Streamflow Model
(1993-2000)

Watershed Delineation

HRU Definition

Climate Data Input

Simulation
(warm up = 1 year)

Calibration

Streamflow Model
(2001-2023)

7 e e e e e e o

—————— T T

Analysis of Streamflow and
Rainfall Anomalies

Analysis Extreme Event

Classify Seasonal
Streamflow

Seasonal Analysis

Correlation Analysis

Streamflow Model
(1993-2023)

Figure 2. Analytical workflow of SWAT+ modelling and streamflow analysis in the Batanghari River Basin.

2.2. Data

The research integrates various geospatial and hydroclimatic datasets to support hydrological
modeling of the Batanghari River Basin, as summarized in Table 1. Digital elevation model
(DEM) data were sourced from DEMNAS, which offers a nationwide elevation product with an
8 m resolution (Iswari & Anggraini, 2018). DEM-derived layers were utilized to outline the wa-
tershed, extract slopes and flow directions, and characterize basin topography from alpine head-
waters to lowland swamp regions (Aswandi ef al., 2023).

Land use and land cover (LULC) data were obtained from the nationally produced Landsat-based
land-cover maps (30 m) (2023) and LULC 2000. The LULC map was officially issued by the
Ministry of Environment and Forestry (KLHK). Figures 3 and 4 show two land use and land cover
(LULC) snapshots (2000 and 2023) that were utilized as static inputs for SWAT+ to represent the
periods 1993-2000 (LULC-2000) and 2001-2023 (LULC-2023). The temporal evolution of
LULC composition from 2000 to 2023 (Figure 5) shows a significant decline in forest cover,
accompanied by increases in secondary forest, oil palm plantation, orchard, rice field, rangeland,
and urban areas, while agricultural land and wetland areas decreased. These changes indicate a
progressive transformation of the river basin. Although the use of the 2023 LULC map as a static
representation for the 2001-2023 simulation period may introduce uncertainty, an additional sim-
ulation using the intermediate land use representation (LULC 2011) was conducted to examine
the robustness of simulated streamflow to the land-use assumption. The simulation using LULC
2011 produced streamflow results that were broadly comparable to those obtained using LULC
2023. This indicates that the simulated streamflow was relatively insensitive to the tested LULC
representation, providing support for the use of the 2023 LULC map as a reasonable static repre-
sentation for the long-term simulation.

(R S S —————————
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simulation results)

Soil data were obtained from the FAO/UNESCO Digital Soil Map of the World (DSMW), which
delineates a mosaic of Acrisols, Ferralsols, Andosols, Histosols, Gleysols and Vertisols within the
basin (Schad, 2023), as shown in Figure 6. Soil type data are crucial in SWAT+ because they
affect infiltration, percolation, erosion, soil moisture and the reliability of streamflow and water
quality predictions (Busico et al., 2020; Lei ef al., 2024; Orug et al., 2023). Climate forcing was
sourced from NASA POWER, while daily precipitation data were obtained from CHIRPS, with
subsequent bias corrected using a random forest methodology to enhance the depiction of spatial
rainfall patterns and extremes. This process was performed by adjusting satellite-based precipita-
tion estimates using observations from the nearest rainfall stations, thereby reducing systematic
bias and improving model reliability.
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Figure 6. Soil types in the Batanghari River basin (Source: FAO Digital Soil Map of the World, 1976)
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Table 1. Datasets, spatial temporal resolutions and data providers employed in the study

No Parameter Product Resolution Source
1 Basemap Rupa Bumi Indonesia 1:50000 Indonesian Geospatial
(RBI) Information Agency
(BIG)
2 Elevation DEMNAS 8 m (resampled 30 x  Indonesian Geospatial
30 m) Information Agency
(BIG)
3 Landuse Landsat Imagery 30m The Ministry of
Environment and Forestry
4 Soil Type Digital Soil Map of the 1:5000000 (2.5 FAO
World (DSMW) km/px)
5 Climate Data NASA POWER 0.5°/px NASA
6 Streamflow Automatic Water Level Daily Ministry of Public Works
Data Recorder (AWLR) and Housing, Indonesia
7 Rainfall Data CHIRPS Daily UCSB/CHG
8 ENSO Index El Nifio 3.4 SST Anomaly Monthly NOAA USA (ERSSTVS)
9 10D Index Dipole Mode Index Monthly NOAA USA (ERSSTv5)
(DMI)

2.3. Data Analysis

The hydrological response of the Batanghari River Basin was evaluated through a structured mod-
eling analysis framework consisting of four main stages: (1) preprocessing and model set-up; (2)
hydrological simulation using SWAT+; (3) sensitivity analysis, parameterization and calibration
against observed streamflow using SWAT+ Toolbox; and (4) vValidation was using the calibrated
parameter set exported from SWAT+ Toolbox to the SWAT+ model and rerunning of the simu-
lations. This workflow followed a standard SWAT+ modelling procedure to represent watershed
processes under varying land-surface and climate conditions.

2.3.1. Preprocessing and model set-up

Watershed delineation was conducted in QGIS using the SWAT+ plug-in to define basin bound-
aries, sub-basin divisions, river networks and hydrologic response units (HRUs). HRUs were de-
fined as unique combinations of LULC, soil type and slope. Climate data were compiled and
formatted in the SWAT+ Editor to serve as input for streamflow simulation. A warm-up period
of one year was applied prior to each simulation period to minimize the influence of initial model
conditions. Accordingly, the first year of each simulation (1993 for the 1993-2000 simulation and
2001 for the 2001-2023 simulation) was used exclusively for model initialization and was ex-
cluded from the anomaly analysis. Consequently, the apparent discontinuities observed in Figure
9 and 10 correspond to these warm-up periods rather than to missing streamflow or precipitation
data.

2.3.2. Sensitivity analysis

Sensitivity analysis was performed using the Latin Hypercube One Factor at a Time (LH-OAT)
approach, with 1,700 samples. The Nash Sutcliffe efficiency (NSE) was used as the objective
function at the downstream outlet, which represents the integrated hydrological response of the
basin. For the period 1993-2000, the most influential parameters were perco (0.5363), k (0.2215),
cn2 (0.0609), cn3_swf (0.0540), esco (0.0415), bd (0.0363), revap _co (0.0265) and flo_min
(0.0224). For the period 2001-2023, the dominant parameter ranking shifted, with bd (0.3771)
and perco (0.3279) becoming the most influential, followed by esco (0.1027), revap_co (0.0650),
flo_min (0.0453), k (0.0369), cn3_swf (0.0249), and cn2 (0.0110). These results indicate that
model sensitivity varied between the simulation periods, which may reflect changes in land sur-
face conditions, and highlight the importance of prioritizing key parameters during calibration, as
presented in Table 2.

Table 2. Comparison of parameter sensitivity and change types between simulation periods (1993-2000 and
2001-2023)

No Period 1993-2000 Period 2001-2023
Parameter Sensitivity Group Change Type Parameter Sensitivity Group Change Type
1 perco 0.5363 hru Replace bd 0.3771 sol Replace
3 k 0.2215 sol Replace perco 0.3279 hru Replace
4 cn2 0.0609 hru Percent €sco 0.1027 hru Replace
5 cn3 swf 0.0540 hru Percent revap_co 0.0650 aqu Replace
6 esco 0.0415 hru Replace flo_ min 0.0453 aqu Replace
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No Period 1993-2000 Period 2001-2023
Parameter Sensitivity Group Change Type Parameter Sensitivity Group Change Type
7 bd 0.0363 sol Percent k 0.0369 sol Replace
8 revap_co 0.0265 aqu Replace cn3_swf 0.0249 hru Percent
9 flo min 0.0224 aqu Replace cn2 0.0110 hru Replace

2.3.3. Calibration and verification

Calibration was performed automatically using the Calibration module in the SWAT+ Toolbox
based on the CALSI algorithm, following the sensitivity analysis stage. The objective of this pro-
cess was to optimize model parameters so that the simulated streamflow closely matched the ob-
served streamflow (Figure 7). Although streamflow was analyzed at multiple downstream sta-
tions, calibration was performed at a single basin outlet. The calibrated parameter dataset obtained
from SWAT+ Toolbox was subsequently exported and applied to the entire model domain, and
the simulation was rerun in SWAT+. This approach allowed model performance to be evaluated
at multiple stations.

Due to the inconsistent availability of observed discharge data, which varied significantly across
stations and periods, calibration and verification were conducted using stations and periods with
sufficiently available observation. Among the three gauging stations in the lower basin in this
research, Muara Kilis was selected for calibration and verification because it provided relatively
longer periods of observed discharge records for model evaluation. In contrast, observed dis-
charge data were unavailable at Simpang Berbak, while the Sungai Duren records exhibited peri-
ods of discontinuous availability.

For the first simulation (1993-2000), observed data from Muara Kilis station were used, with
calibration conducted for 1994-1996 and verification for 1997-1998. For the second simulation
period (2000-2023), the Muara Kilis station was also used, with a one-year warm up period. Cal-
ibration was conducted for 2008-2009, followed by verification for 2012-2013, corresponding to
the periods with available observed discharge records. For the first simulation period, calibration
during 1994-1996 resulted in NSE = 0.473, R? = 0.486, KGE = 0.498 and PBIAS = —3.85%,
indicating satisfactory model performance. The R? value was close to 0.50, indicating moderate
agreement between simulated and observed discharge, while the low absolute PBIAS indicated
good agreement in terms of water-balance bias. During verification for 1997—1998, the model
achieved NSE = 0.521, R? = 0.565, KGE = 0.726 and PBIAS = 6.76%, indicating satisfactory to
good performance across the evaluation metrics. The model response was also assessed during
selected ENSO-IOD periods. These results indicate that the model generally captured the ob-
served streamflow response under ENSO-IOD conditions, including reduced streamflow during
El Nifio—IOD+ periods and increased streamflow during La Nifia—[OD— periods, although some
differences in timing and magnitude remained.

For the second simulation period, calibration during 2008-2009 yielded NSE = 0.444, R?=0.582,
KGE = 0.718 and PBIAS = 15.12%, indicating satisfactory to good model performance. During
verification for 2012—-2013, the model achieved NSE = 0.515, R? = 0.530, KGE = 0.519 and
PBIAS = —0.30%, demonstrating satisfactory performance with very low bias. The model re-
sponse was further examined during periods of ENSO and IOD. The results indicate that the model
generally captured the observed streamflow response under varying ENSO —IOD conditions, alt-
hough some differences in timing and magnitude remained. Overall, the model demonstrated con-
sistent performance across the calibration and verification periods. Given that the model achieved
satisfactory performance during verification, it was considered suitable for subsequent simula-
tions under different land-use representations (Marek et al., 2016). The detailed interpretation of
model performance refers to the criteria developed by Almeida et al. (2018), as summarized in
Table 3. In addition, the Kling-Gupta Efficiency (KGE) was calculated as a complementary per-
formance metric. Following Ahmed et al. (2023), KGE values were classified as unaccepta-
ble/poor (<0.30), acceptable/satisfactory (>0.30-0.53), good (>0.53—<0.77), and excellent
(=0.77).

Table 3. Classification Criteria for Interpreting Model Performance

No NSE PBIAS R? Classification
1 0.75 <NSE <1.00 PBIAS <+10 0.75 <R?<1.00 Very good

2 0.60 <NSE <0.75 +10 <PBIAS <15 0.60 <R%2<0.75 Good

3 0.36 <NSE <0.60 +15 <PBIAS <425 0.50 <R2<0.60 Satisfactory

4 0.00 <NSE <0.36 +25 <PBIAS <+50 0.25 <R?<0.50 Poor

5 NSE <0.00 +50 < PBIAS R*<0.25 Inappropriate
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Figure 7. Calibration and verification of streamflow at Muara Kilis station period 1993-2000 (top), Muara
Kilis station period 2008-2029 (calibration) and 2012-2013 (verification) (bottom) (Observation data source:
BHLK Ministry of Public Works, 2025).

2.3.4. Correlation analysis

Given the discontinuous availability of observed streamflow records throughout the 1993-2023
study period, SWAT+ simulated streamflow was used as the primary streamflow dataset for the
long-term climate-streamflow analysis. The available observed records, although limited to spe-
cific periods, were used for model calibration and verification. The calibrated and validated
SWAT+ model was then used to generate a continuous simulated streamflow series throughout
the study period, enabling consistent assessment of climate—streamflow relationships across the
basin and different land-use periods. The calibrated and validated SWAT+ simulations provided
a consistent basis for long-term analysis despite limited observed discharge records. Nevertheless,
model-generated streamflow remains an important methodological limitation.

Our aim was not to conduct a comprehensive lagged analysis across all possible monthly or sea-
sonal combinations. Instead, the focus is on two targeted relationships: antecedent JJA climate
conditions and concurrent SON climate conditions in relation to SON streamflow. The SON pe-
riod coincides with the peak development of the IOD and the strengthening of ENSO-related cli-
mate signals, making large-scale climate signals more pronounced. Moreover, streamflow during
this season begins to respond to increasing rainfall, allowing climate-related variability to be more
clearly detected in hydrological responses (Sahu et al., 2012). The selected seasons represent key
stages of climate variability over Indonesia. Boreal summer (JJA) corresponds to the development
phase of ENSO and IOD, whereas boreal fall (SON) represents their mature phase and the transi-
tion from the dry to the wet season, during which streamflow begins to increase and climate sig-
nals become more evident in hydrological responses (Sahu et al., 2012). To account for this, the
relationship between climate indices and streamflow was evaluated not only for the concurrent
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period (climate indices from September to November and streamflow from September to Novem-
ber), but also by considering antecedent climate conditions from the previous season (climate
indices from June to August and streamflow from September to November). This approach al-
lowed for the identification of time-lagged statistical relationships between ocean—atmosphere
variability and streamflow response, providing insight into how large-scale climate drivers are
associated with hydrological responses and extreme flow events in the Batanghari River Basin.

To assess the relationship between climate variability and river streamflow, Pearson and partial
correlation analyses were conducted between the climate indices and SWAT+ simulated stream-
flow. Pearson correlation was used to evaluated the strength and direction of the linear relation-
ship, whereas partial correlation was applied to assess the relationship between each climate index
and streamflow, while controlling for the association with the other climate index. These correla-
tion approaches are commonly used to examine relationships and variability patterns between
climate indices and hydroclimatic variables (Caroletti ef al., 2021; dos Santos ef al., 2023). Fol-
lowing the framework of Sahu et al. (2012), streamflow and rainfall anomalies were calculated
based on long-term climatological means to identify deviations from normal conditions. In the
original framework, extreme high-flow and low-flow conditions were identified using thresholds
of +1.5¢0 and —1o, respectively. In this study, the threshold was modified to a symmetric criterion,
with values greater than +1.5¢ classified as extreme high-flow conditions and values lower than
—1.5c classified as extreme low-flow conditions. This modification was made to ensure that ex-
treme high and low flow conditions were defined using a consistent standardized deviation from
climatological mean. For the correlation analysis, although partial correlation accounted for the
contribution of the other climate index, the analysis did not quantitatively assess interactions or
coupling between ENSO and IOD. The discussion on coupling is presented in a conceptual con-
text rather than a quantitatively assessed interaction.

The Pearson (1) and partial (ryy ;) correlation coefficients were calculated using equations (1) and
2):
(X - X) (v - Y)

r =
_2 —\2
() B, (- )
Txy —TxzTvz

Txyz =
Ja=)( =) @

where X; and Y; represent the climate indices and streamflow variables; X and Y are their respec-
tive means, and n is the number of observations. The partial correlation is expressed as shown in
Equation (2), where ryy, 1y and 1y, represent the Pearson correlation between the respective pairs
of variables. In this study, X and Y represent the climate index and streamflow respectively, while
Z represents the other climate index. The strength of the correlation coefficient was interpreted
based on the classification (Handoko ef al., 2023), shown in Table 4.

(M

Table 4. Interpretation Criteria for Pearson Correlation Coefficient

No Correlation coefficient (1) Interpretation
1 0.00-0.19 Very weak

2 0.20-10.39 Weak

3 0.40-0.59 Moderate

4 0.60 - 0.79 Strong

5 0.80 —1.00 Very strong

3. Results and Discussion
3.1. ENSO and IOD Events 1993-2023

ENSO and IOD events exhibited significant fluctuation from 1993 to 2023. The temporal varia-
tion is shown in Figure 8. During the period 1993-2000, the strongest positive IOD (pIOD) events
occurred from mid- to late 1994 and in 1997, while a strong El Nifio event developed in the period
1997-1998. These climate anomalies were associated with a weakened westerly monsoon flow;
enhanced lower-tropospheric stability, and reinforced dry, stable atmospheric conditions, thereby
contributing to reduced precipitation across many regions through large-scale atmospheric tele-
connections (Kasera & Minocha, 2025). Such teleconnections refer to physically meaningful links
between climate anomalies over large distances, driven by energy transport and wave propagation
within the atmosphere-ocean system (Alizadeh, 2024). From a hydrological perspective, these are
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often associated with lower soil moisture and reduced river streamflow, particularly within catch-
ment areas such as river basins.

The period 2000-2023 is characterized by highly active ENSO and IOD dynamics, with several
notable events over the past two decades. The period exhibits pronounced climate variability, in
which ENSO and IOD are closely associated with local and regional climate patterns
(Ummenhofer et al., 2013). In the early 2000s, several moderate El Nifio events occurred (2002—
2003 and 2006-2007), followed by a transition to La Nifia in 2007-2008. Another relatively weak
El Nifio episode was observed from 2009 to mid-2010.
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Figure 8. ENSO and IOD events during the period 1993-2023 with of strong events highlighted

During this period, a strong El Nifio developed in 2015-2016, comparable in intensity to the
1997-1998 event. Extensive sea surface warming in the Pacific induced large-scale circulation
anomalies, including a weakening of the Walker circulation, anomalous ascent over the central—
eastern Pacific, and subsidence over the western Pacific, thereby altering wind and rainfall pat-
terns worldwide (C. Wang, 2002; Zhang ef al., 2017). These years represent key milestones in
modern climatology. Subsequently, La Nifia conditions recurred in 2010-2011, 2016-2018 and
2020-2022, indicating sustained cooling in the central and eastern Pacific for more than two con-
secutive years. Such cooling is linked to complex interactions between subsurface temperature
anomalies, ocean currents and strengthened trade winds, which intensify the Walker circulation
and promote further cooling (C. Gao et al., 2022; Song et al., 2022).

A significant positive IOD (pIOD) event occurred in 2019, distinguished as one of the most nota-
ble events since the 1960s. This pIOD evolved primarily independently of El Nifio and was initi-
ated by Rossby waves in the southern Indian Ocean, which caused a sea-level rise, with warming
in the west and cooling in the east, further intensified by ocean-atmosphere feedback mechanisms
(Du et al., 2020; Lu & Ren, 2020). In addition, strong negative IOD (nlOD) events occurred,
particularly in 2010 and 2016. These events were marked by extreme warming in the eastern
Indian Ocean and very high sea surface temperature anomalies, while anomalies in the western
basin remained relatively weak, producing a monopolar pattern distinct from the classical dipole
structure. The 2016 event was further driven by both surface and subsurface conditions in the
Indian Ocean and reinforced by long-term warming in the region.

3.2. Streamflow Anomalies

Monthly anomalies of streamflow and precipitation at the three gauging stations in the lower Ba-
tanghari River Basin are presented in Figure 9, namely those of (a) Muara Kilis, (b) Sungai Duren,
and (c) Simpang Berbak. The orange line represents streamflow anomalies, while the blue indi-
cates precipitation anomalies. Red and green markers denote extreme high-flow and low-flow
anomalies respectively.

The three downstream stations exhibit broadly balanced distributions of positive and negative
streamflow anomalies, but differ in the occurrence of extreme-flow events. Muara Kilis, located
in the upper part of the lower basin and adjacent to the middle sub-basin, shows a relatively bal-
anced distribution of positive and negative anomalies, with extreme low-flow events more
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frequent than extreme high-flow ones. In contrast, Sungai Duren is characterized by a similar
overall balance between positive and negative anomalies, while extreme high-flow events are
somewhat more frequent than extreme low-flow one. Finally, Simpang Berbak, situated near the
river mouth, also shows a closely balanced distribution of positive and negative anomalies, with
a slightly higher occurrence of extreme high-flow events than extreme low-flow ones. Across all
the stations, extreme high-flow events occur at relatively similar frequencies, whereas the occur-
rence of extreme low-flow ones is comparatively higher at Muara Kilis. Periods of relatively high
and low streamflow generally coincide with positive and negative precipitation anomalies respec-
tively, suggesting a possible association between rainfall variability and streamflow dynamics in
the lower Batanghari River Basin. This pattern indicates a link between atmospheric forcing and
hydrological response, whereby variations in precipitation are associated with changes in river
flow conditions in this humid tropical system.
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Figure 9. Streamflow and precipitation anomalies for the three hydrological stations along the Lower Ba-
tanghari River Basin. Panels correspond to the following stations: (a) Muara Kilis (b) Sungai Duren (c)
Simpang Berbak. The apparent discontinuities in the time series correspond to the one-year SWAT+ warm-
up periods (1993 and 2001), which were excluded from the anomaly analysis.

Further analysis during the September-November season, as shown in Figure 10, reveals a gener-
ally consistent pattern of extreme flow conditions among the three stations. At Muara Kilis, ex-
treme high-flow conditions are relatively infrequent and occurred only in specific years, notably
in 2000 and 2022. In contrast, extreme low flow conditions occur more frequently, particularly
during several episodes in the analysis period. This indicates that low flow extremes were more
prevalent than high-flow ones at this station during SON.
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Figure 10. September-November streamflow and precipitation anomalies at the three stations in the lower
Batanghari River Basin: (a) Muara Kilis, (b) Sungai Duren, and (c) Simpang Berbak. Note that the apparent
discontinuities correspond to the one-year SWAT+ warm-up period and do not represent missing data.

At the Sungai Duren station, both extreme high and low flow conditions are observed, with low
flow extremes occurring more frequently than high-flow ones. Extreme high-flow anomalies are
observed in 2010, 2011, 2018 and 2022, while extreme low-flow events occur across several
years, particularly during the earlier and later parts of the analysis period. At the Simpang Berbak
station, extreme high-flow events are relatively infrequent, whereas extreme low flow ones occur
more frequently. The timing of several extreme events is broadly consistent with those identified
at Sungai Duren, particularly during the 2010-2011 and 2015-2019 periods. The occurrence of
extreme events during similar periods at the two stations suggests a degree of temporal coherence
in downstream flow variability.

Overall, the three stations exhibit a relatively similar frequency of extreme events during SON,
with the total number of events ranging from 11 to 13. Extreme low-flow events consistently
outnumber extreme high-flow ones at all three stations. Rather than indicating a systematic in-
crease in the frequency of streamflow intensity anomalies from upper to lower, the results suggest
a relatively consistent seasonal pattern of extreme streamflow conditions across the lower Ba-
tanghari River Basin.

3.3 Correlation between Climate Indices and Streamflow

The correlation analysis between two large-scale climate indices and seasonal streamflow anom-
alies in the Batanghari River at the three downstream stations (Table 5) reveals a consistent pattern
of association between climate variability and hydrological response. It should be noted that this
analysis is based on overall streamflow anomalies across the full dataset, rather than being limited
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to extreme high or low events. These events were examined separately in the previous section to
illustrate the range and variability of streamflow responses.

Table 5. Pearson Correlation Analysis Between Climate Indices and Streamflow September-November

JJA — Q SON SON — Q SON
No. Station 10D ENSO 10D ENSO
r p-value r p-value r p-value T p-value
1 Muara Kilis -0.39 2.15x10* -0.58 1.00x10° —0.64 1.00x10°¢ -0.59 1.00x10¢
2 Sungai Duren -0.33 1.85x10° -0.51 1.00x107 -0.56 1.00x107 -0.54 1.10x10¢
3 Simpang Berbak  —0.33  1.67x10°  -0.52 0 -0.58 0 -0.54 1.50x10°

Across all stations and index configurations, the Pearson correlation coefficients are uniformly
negative. This suggests that El Nifio conditions and positive IOD phases are generally associated
with reduced streamflow during the September-November period, whereas La Nifia conditions
and negative IOD phases tend to correspond to increased streamflow. All correlations are statis-
tically significant (p < 0.001). In terms of magnitude, the correlation coefficients range from
weak—moderate to moderate—strong. For the June-August (JJA) indices correlated with Septem-
ber-November (SON) streamflow, IOD correlations range from -0.33 to -0.39, whereas ENSO
correlations are stronger, ranging from -0.51 to -0.58 across the three stations. When SON indices
are correlated with SON streamflow, IOD correlations increase to -0.56 to -0.64, while ENSO
correlations range from -0.54 to -0.59. Among the three stations, Muara Kilis exhibits the strong-
est correlations, with the IOD—-SON and ENSO- SON streamflow period correlations reaching
—0.64 and —0.59, respectively. Sungai Duren and Simpang Berbak show relatively similar corre-
lation magnitudes, with SON IOD-SON streamflow correlations of -0.56 and -0.58, and SON
ENSO-SON streamflow correlations of -0.54 for both stations (Figure 11).
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Figure 11. Spatial variability of streamflow response to ENSO and IOD during the SON season in the lower
Batanghari River Basin
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Nevertheless, differences in the relative association of ENSO and IOD are apparent depending on
the seasonal timing of the climate indices relative to the streamflow period. For JJA indices and
SON streamflow, ENSO exhibits stronger correlations than IOD at all three stations. In contrast,
for SON indices and SON streamflow, IOD shows slightly stronger correlations than ENSO at
the three stations. The stronger correlations obtained when climate indices and streamflow are
considered within the same SON season also indicate a closer statistical association between
climate variability and seasonal streamflow anomalies within the same season than between
preceding JJA climate conditions and subsequent SON streamflow. Overall, the results suggest
that the associations of ENSO and IOD with streamflow variability in the lower Batanghari River
basin exhibit clear seasonal and spatial variability. The relationship between climate indices and
streamflow is consistently stronger for the SON season, with IOD showing a slightly stronger
association than ENSO across all three stations (Figure 11). Spatially, the strongest correlations
were observed at Muara Kilis, whereas Sungai Duren and Simpang Berbak exhibited relatively
similar correlation magnitudes. These findings highlight the importance of considering both the
seasonal timing of climate indices and spatial variability among lower stations when
characterizing climate—streamflow relationships in tropical river systems.

To further illustrate the linear relationships identified by the Pearson correlation analysis, scatter
plots with fitted regression lines were used to visualize the relationship between the climate
indices and SON streamflow. The regression lines provide a visual representation of the direction
and relative strength of the linear associations identified by the correlations analysis across the
three lower stations. At Muara Kilis, the scatter plots and fitted regression lines show a
consistently negative linear relationship between the climate indices and SON streamflow (Figure
12). The relationship is relatively weak for IOD JJA, whereas ENSO JJA exhibits a stronger
negative linear association with SON streamflow. For the SON indices, both IOD and ENSO
demonstrate stronger negative relationships, with [OD SON exhibiting the strongest association
among the four relationships. These patterns are consistent with the Pearson correlation results
(Table 5), with the regression lines providing a visual representation of the direction and relative
strength of the climate-streamflow relationships.
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Figure 12. Scatter plots and fitted regression lines between climate indices and SON streamflow at Muara
Kilis: (a) IOD JJA, (b) ENSO JJA, (c) IOD SON, and (d) ENSO SON.

The scatter plots for Sungai Duren similarly show consistently negative linear relationships be-
tween the climate indices and SON streamflow (Figure 13). The relationship is weaker for IOD
JJA, whereas ENSO JJA exhibits a stronger negative association with SON streamflow. For the
SON indices, IOD shows a stronger negative relationship than ENSO, with the IOD SON
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relationship exhibiting the highest coefficient of determination among the four relationships.
Overall, these regression patterns are consistent with the Pearson correlation result.
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Figure 13. Scatter plots and fitted regression lines between climate indices and SON streamflow at Sungai
Duren: (a) IOD JJA, (b) ENSO JJA, (c) IOD SON, and (d) ENSO SON.

A similar pattern was observed for Simpang Berbak, where all four relationships of climate index-
SON streamflow show negative regression slopes (Figure 14). ENSO JJA exhibits a stronger
negative association with SON streamflow than IOD JJA, while for the SON indices, IOD shows
a slightly stronger relationship than ENSO. The IOD SON relationship also shows a higher
coefficient of determination than the ENSO SON relationship, consistent with the stronger
Pearson correlation observed for IOD.
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Figure 14. Scatter plots and fitted regression lines between climate indices and SON streamflow at Simpang
Berbak: (a) IOD JJA, (b) ENSO JJA, (c) IOD SON, and (d) ENSO SON.
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However, because ENSO and IOD may occur concurrently, Pearson correlations cannot
distinguish the individual association of each climate index with streamflow while accounting for
the other climate index. Therefore, a partial correlation analysis was conducted to evaluate the
association of each climate index with SON streamflow, while statistically controlling for the
other climate index. The partial correlation results show a clearer distinction between the
associations of ENSO and IOD with SON streamflow (Table 6). For the relationship between JJA
climate indices and SON streamflow, ENSO remains significantly and negatively correlated with
SON streamflow at all three stations, with partial correlation coefficients ranging from -0.44 to -
0.50 (p < 0.001). In contrast, the partial correlations between IOD and SON streamflow become
much weaker, ranging from -0.17 to -0.22, and are not statistically significant at Sungai Duren or
Berbak (p =0.12 and 0.12, respectively). At Muara Kilis, the IOD association remains statistically
significant but is weak (r = -0.22, p = 0.04). This indicates that the association between JJA cli-
mate indices and SON streamflow is more consistently represented by ENSO than 10D after ac-
counting for the variability of the other climate index.

Table 6. Partial Correlation Analysis Between the Climate Indices and Streamflow

Station Relationship Partial (1) p-value

Muara Kilis I0OD JJA — Q SON (ENSO JJA) -0.22 4.00x102
ENSO JJA — Q SON (IOD JJA) —0.50 7.81x107

IOD SON — Q SON (ENSO SON) —0.43 3.75%x10

ENSO SON — Q SON (IOD SON) —-0.30 1.00x1072

Sungai Duren I0OD JJA — Q SON (ENSO JJA) -0.17 1.20x10!
ENSO JJA — Q SON (IOD JJA) —0.44 1.00x107

IOD SON — Q SON (ENSO SON) -0.35 1.60x10*

ENSO SON — Q SON (IOD SON) -0.27 1.00x1072

Berbak I0OD JJA — Q SON (ENSO JJA) -0.17 1.20x10"!
ENSO JJA — Q SON (IOD JJA) —0.45 1.00x10°

IOD SON — Q SON (ENSO SON) -0.35 1.00x1073

ENSO SON — Q SON (I0OD SON) —0.27 1.00x103

In contrast, regarding the relationship between the SON climate indices and SON streamflow,
both indices remain significantly associated with streamflow after accounting for the other index.
However, IOD consistently exhibits stronger negative partial correlations than ENSO at all three
stations. The partial correlations for IOD range from -0.35 to -0.43, whereas those for ENSO range
from -0.27 to -0.30. The strongest IOD association was observed at Muara Kilis (r = -0.43),
followed by Simpang Berbak (r =-0.354) and Sungai Duren (r = - 0.349), while the corresponding
ENSO correlations were -0.30, -0.27, and -0.27, respectively. All of these relationships are
statistically significant (p < 0.012). Overall, the partial correlation results indicate that the associ-
ations of ENSO and IOD with SON streamflow depend on the seasonal timing of the climate
indices. ENSO JJA shows a more consistent association with SON streamflow, whereas for the
concurrent SON period, IOD exhibits a stronger association with the streamflow than ENSO.
These findings further demonstrate that the two climate indices show distinct patterns of associa-
tion with seasonal streamflow variability. To quantify the relative strength of these associations,
while accounting for the simultaneous presence of the other climate index, multivariate regression
analysis was performed (Figure 15).

In relation to the resulting regression coefficients (B) and their 95% confidence intervals (Figure
15a), ENSO generally exhibits more negative regression coefficients than 10D across all three
stations, indicating a stronger association with SON streamflow when the preceding JJA climate
conditions are considered simultaneously. In contrast, for the same-season relationships between
the SON climate indices and SON streamflow (Figure 15b), IOD consistently shows more
negative coefficients than ENSO at all three stations, indicating a stronger association of IOD
with SON streamflow for the same season. The error bars represent the 95% confidence intervals
of the regression coefficients and indicate differences in the precision of the estimated associations
among stations and climate indices. Overall, these results are consistent with the patterns
identified by the Pearson and partial correlation analysis.
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Figure 15. Multivariate regression coefficients () and 95% confidence intervals for the climate indices and
SON streamflow. (a) JJA Climate Indices-SON Streamflow; (b) SON Climate Indices-SON streamflow.

3.4 Discussion

The analysis shows that streamflow variability in the lower Batanghari River Basin is
characterized by significant temporal fluctuations, with both extreme high-flow and extreme low-
flow occurring at different periods across the three stations. In general, the frequency of extreme
events is relatively similar among the stations, although differences are observed in the timing
and type of extremes. During SON, extreme low-flow extremes occurred more frequently than
high-flow extremes at all three stations. This pattern indicates that the frequency of extreme events
does not exhibit a systematic change from Muara Kilis to Simpang Berbak. Several extreme
events also occurred during relatively similar periods across the stations, indicating a degree of
temporal coherence in streamflow variability during SON. Similar spatiotemporal variability in
extreme streamflow has been reported in other large river basins, where the timing and magnitude
of extreme flows vary across seasons and locations and can be influenced by large-scale climate
variability (Huang et al., 2024). At the global basin scale, ENSO has been linked to variations in
flood frequency and duration, including simultaneous and lagged responses (Yan et al., 2020),
while IOD has also been identified as an important climate mode influencing streamflow
variability (Bates & Dowdy, 2024). This hydrological pattern provides a context for
understanding the relationship between streamflow variability and large-scale climate signals,
particularly ENSO and 10D.

The observed streamflow variability shows a consistent relationship with ENSO and 10D. The
negative correlations observed at all stations indicate that El Nifio and positive IOD conditions
tend to be associated with lower streamflow, whereas La Nifia and negative IOD conditions tend
to be linked to higher streamflow. Similar relationship between ENSO-IOD phases and
streamflow variability have been reported in the Jinsha River Basin, China, where both climate
modes influenced annual and seasonal streamflow, with their effects varying between developing
and decaying phases (Jia et al., 2023). Similar climate-streamflow linkages have also been
reported for the Lancang-Mekong River, where ENSO and IOD were identified as important
drivers of interannual streamflow variability and extreme hydrological conditions (S. Wang et al.,
2024). From a hydroclimatic perspective, this pattern may be related to changes in atmospheric
circulation and rainfall conditions in Indonesia during different ENSO and IOD phases. As-syakur
et al. (2014), on the basis of TRMM rainfall data, showed that rainfall responses to ENSO and
IOD were relatively strong during JJA and SON, with pronounced patterns over southeastern
Sumatra and Java. These findings provide a relevant hydroclimatic context for the lower
Batanghari River Basin, as changes in rainfall conditions associated with Indo-Pacific climate
variability may be reflected in changes in streamflow across contributing catchments. The
negative relationships identified in this study are also consistent with the findings of Sahu et al.
(2012) for the Citarum River, which showed associations between El Nifio and positive IOD
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conditions with lower flow conditions, and between La Nifia and negative IOD conditions with
higher flows.

However, the ENSO and IOD associations exhibit different patterns depending on the timing of
the climate signal relative to the streamflow period. When JJA indices were related to SON
streamflow, ENSO showed stronger relationships than IOD at all stations. More importantly, after
statistically controlling for IOD through partial correlation, the relationship between JJA ENSO
and SON streamflow remained significant, with coefficients ranging from —0.44 to —0.50,
whereas the relationship between JJA 10D and SON streamflow weakened from —0.17 to —0.22
and became non-significant at Sungai Duren and Simpang Berbak. In contrast, for the SON-SON
relationship, IOD showed stronger partial associations than ENSO at all stations. This difference
indicates that the relative associations between the two climate modes and streamflow vary
according to the timing of the climate signal and the period of hydrological response. This
seasonal and lagged dependence is consistent with recent studies showing that ENSO and 10D
influence hydrological variability differently across seasons and climate mode combinations,
while ENSO can also modify seasonal river discharge variability (Zhu et al., 2025).

The stronger relationship between JJA ENSO and SON streamflow may be linked to the
development of ENSO-related hydroclimatic signals that are already evident during JJA, as well
as the broader spatial extent of ENSO-related hydroclimatic variability across Indonesia. Kurniadi
et al. (2021), who also examined this relationship in the tropics, showed that ENSO was
independently associated with extreme rainfall across a broader area of Indonesia. Similarly, As-
syakur et al. (2014) showed that rainfall responses to ENSO and IOD were evident during both
JJA and SON. Therefore, the hydroclimatic signal associated with ENSO during JJA may provide
a clearer antecedent condition when entering the SON period. This is consistent with our results,
in which the relationship between JJA ENSO and SON streamflow remains significant after
controlling for IOD, whereas the relationship with JJA IOD is weakened. This interpretation is
also consistent with Nugroho ef al. (2021), who reported a significant relationship between ENSO
and the streamflow regime of the Code River, Indonesia Conversely, the stronger association of
IOD in the SON-SON relationship may be related to its development from JJA toward SON,
bringing the climate signal closer in time to the streamflow response. The IOD begins to develop
during boreal summer and strengthens toward boreal fall. Zhang et al. (2017) showed that IOD
development is associated with strengthening southeasterly wind anomalies around Sumatra and
Java, which promote cooling in the eastern equatorial Indian Ocean through interactions between
wind, evaporation, SST and Bjerknes feedback. These processes subsequently strengthen the SST
gradient characteristic of IOD development, leading to its mature phase during SON. Therefore,
IOD conditions that begin to develop during JJA may provide an early hydroclimatic signal, while
the subsequent strengthening of IOD toward its mature phase in SON may enhance its association
with hydroclimatic conditions during the same season.

The findings of this study are generally consistent with previous research on the relationship
between I0OD and hydrological variability in Indonesia. Sahu et al. (2012), based on observed
daily discharge from the Citarum River, identified a relationship between antecedent 10D
conditions and SON discharge. This finding supports our result that JJA IOD remains associated
with SON streamflow. Weller and Cai (2014) showed that some 10D events develop during JJA
and reach their mature phase during SON, supporting the cross-seasonal IOD relationship
observed in our research. Zhang et al. (2017) also showed that IOD development can extend from
JJA to SON, consistent with the temporal pattern of IOD considered in this study. At the regional
scale, As-syakur ef al. (2014) found that during SON, the relationship between IOD and rainfall
was stronger than that of ENSO over southeastern Sumatra and Java. This pattern is consistent
with our findings, in which IOD showed a stronger association with SON streamflow than ENSO
in the SON—SON relationship. Overall, the results of this study are consistent with these regional
characteristics: ENSO is more clearly expressed as an antecedent signal during JJA, whereas IOD
shows a stronger concurrent association when both the climate index and streamflow are
considered during SON.

The differences between the JJA—SON and SON—SON relationships also highlight the importance
of hydrological response timescales. River discharge integrates rainfall variability from the
contributing catchment, meaning that the statistical relationship between climate indices and
streamflow may depend on the timing of the climate signal relative to the river response period
(Canchala et al., 2024; Moges et al., 2022). Therefore, the relationship between JJA ENSO and
SON streamflow should not necessarily be interpreted as a direct response occurring at the same
time as the index, but rather as an association between antecedent climate conditions and
streamflow conditions in the subsequent season. Conversely, the stronger IOD SON-SON
relationship indicates closer temporal alignment between the climate signal and hydroclimatic
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response during the same season. In addition to temporal alignment, spatial contributions should
also be considered. Rice and Emanuel (2017) showed that watersheds can act as spatiotemporal
filters that modify how hydroclimatic signals are translated into streamflow responses, together
with other geohydrological factors. This concept may also help explain the spatial variability
observed in the lower Batanghari River Basin.

Although all three stations are located in the lower part of the basin, Muara Kilis exhibits the
strongest associations, whereas Sungai Duren and Simpang Berbak show relatively similar
magnitudes. Previous studies have also shown that the relationship between large-scale climate
variability and streamflow can vary spatially among river basins because of differences in
catchment characteristics and hydrological response (Pérez-Ciria et al., 2022; Worako et al.,
2021). Muara Kilis is located relatively farther upstream than the other two stations and is adjacent
to the transition between the middle and lower basin. Its position means that streamflow at the
station is augmented by upstream and middle-basin catchments before the flow continues toward
the downstream stations. This transition is also accompanied by a change in river morphology and
topographic setting, from relatively steeper upstream and middle-basin reaches, towards a gentler
and more alluvial downstream environment. The convergence of flows from upstream and middle
basin contributing areas at this transition may allow the regional hydroclimatic signal to remain
relatively pronounced at Muara Kilis. Further downstream, the river channel becomes
increasingly meandering, as observed along the reaches toward Sungai Duren and Simpang
Berbak. The greater channel sinuosity may increase the flow path and contribute to the attenuation
and temporal smoothing of upstream streamflow signals during downstream propagation
(Barneveld et al., 2024; Paiva & Lima, 2024). In addition, increasing contributions from
groundwater and baseflow in the alluvial lower reaches may further modify the streamflow signal.
These processes may partly explain why the associations with ENSO and IOD are relatively
stronger at Muara Kilis. However, this difference does not indicate a simple upstream-to-
downstream gradient (Wohl ef al., 2025), as Sungai Duren and Simpang Berbak exhibit relatively
similar associations.

From an applied hydrological perspective, these findings may be useful for understanding
seasonal streamflow conditions in the lower Batanghari River Basin by considering the phase of
climate signals rather than simply the ENSO or IOD phase. The stronger JJA ENSO-SON
streamflow association indicates that ENSO conditions during JJA are more strongly linked to
subsequent SON streamflow conditions, whereas SON IOD shows a closer association with
streamflow variability during the same season. This finding highlights the potential relevance of
antecedent climate conditions for understanding seasonal streamflow variability, consistent with
previous studies examining the role of climate information in hydrological assessment (Beckers
et al., 2016; Petry et al., 2023; Slater & Villarini, 2018). However, the findings do not constitute
an evaluation of operational forecasting skill; the development of a forecasting system would
require explicit assessment of lead time, hindcasts, prediction uncertainty and predictive
performance.

Nevertheless, a more comprehensive understanding of the basin’s hydrological system requires
further investigation, particularly through spatial analysis of hydrological responses from up-
stream to downstream. Such an approach is essential for capturing variations in hydrological pro-
cesses along the river continuum. In addition, incorporating more dynamic land use/land cover
(LULC) representations with multiple time periods is necessary to better capture surface chang-
es within the basin. This would allow for a more robust assessment of the relationship between
land use change and streamflow variability. Furthermore, recent studies based on observed
discharge have also highlighted the importance of considering temporal scales and hydrological
persistence in climate—streamflow relationships (Mendoza et al., 2026). A broader lag analysis
across multiple monthly and seasonal windows is also needed in future studies to further evaluate
the predictive value of ENSO and IOD for streamflow variability in the lower Batanghari River
Basin.

4. Conclusion

The results show that ENSO and IOD are consistently associated with SON streamflow varia-
bility across the lower Batanghari River Basin, with negative relationships observed at all sta-
tions studied. ENSO JJA showed a stronger association with SON streamflow, whereas during
the concurrent SON period, IOD showed a stronger association than ENSO. The strength of these
climate-streamflow associations varied spatially and was not directly related to absolute stream-
flow magnitude. Muara Kilis showed the strongest statistical associations, whereas Simpang Ber-
bak had the highest absolute streamflow, but showed correlation magnitudes comparable to those
at Sungai Duren. These findings indicate that the timing of climate sig-nals and the spatial
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differences among contributing catchments are important considerations when interpreting cli-
mate-streamflow relationships in the lower Batanghari River Basin. Overall, the study provides
evi-dence that the relative association of ENSO and IOD with streamflow varies across seasons
and locations, rather than indicating a consistently stronger association of one climate mode across
seasons and locations. Further research should consider a broader range of monthly and seasonal
lag periods to better assess the potential predictive value.
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