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Objective: The Kabul Basin, due to the occurrence of severe floods and heavy rainfall, is
considered one of the most vulnerable regions of Afghanistan. The main innovation of
this study lies in examining the synoptic patterns of heavy rainfall and flooding using the
environmental—circulation approach in this basin, which has so far been rarely
investigated in a comprehensive manner.

Methods: Daily rainfall data from 18 meteorological stations within the Kabul Basin were
analyzed for the period 2008-2022. Hierarchical cluster analysis with Ward’s linkage
method was employed to classify the events, selected for its ability to identify structural
similarities among atmospheric patterns. This method was considered more suitable for
categorizing synoptic patterns compared to alternatives such as Moran’s analysis.
Synoptic maps were generated using GrADS software.

Results: The results indicate that heavy rainfall and flooding in the Kabul Basin are
influenced by a combination of atmospheric and synoptic factors, and three main patterns
were identified. In the first pattern (23 March 2009), a trough over the eastern
Mediterranean resulted in 31 mm of rainfall at Qala Malek station. In the second pattern
(17 March 2014), a deep trough combined with the intrusion of Siberian cold air caused
59 mm of rainfall at Bagh-e Omomi station and triggered flooding in Parwan, Kapisa, and
Kabul provinces. In the third pattern (5 February 2017), the combination of a trough, cold
air, and the Indian anticyclone produced 60 mm of rainfall at Qala Malek station.
Conclusions: The analysis of synoptic patterns demonstrated that heavy rainfall events
can be anticipated several days in advance, providing an effective basis for early warning
and flood risk management. The main limitation of this study is its reliance on a relatively
short statistical period and the limited number of stations. Nevertheless, the findings can
contribute to water resource management, reducing the vulnerability of local
communities, and offering practical recommendations for flood early warning systems
and urban planning.
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EXTENDED ABSTRACT

Introduction

The Kabul Basin in Afghanistan is a region highly vulnerable to severe floods and heavy
rainfall, driven by its mountainous terrain and geographical setting. These events pose
significant threats to human life, agricultural productivity, and infrastructure, with profound
hydrological, geomorphological, economic, and social consequences. The absence of a dense
and consistent network of weather stations, particularly in high-altitude and flood-prone areas,
complicates the prediction and management of such disasters in a developing country like
Afghanistan. Historically, destructive floods in the Kabul Basin have led to the annual loss of
thousands of acres of farmland and numerous lives, while the cost of rebuilding remains
substantial.

Despite these challenges, there is a notable gap in understanding the synoptic mechanisms
behind heavy rainfall events in the region. The novelty of this study lies in its focus on
identifying the synoptic circulation patterns responsible for heavy rainfall and flooding in the
Kabul Basin, a subject that has received little systematic scientific attention in Afghanistan.
This study addresses this gap by investigating heavy rainfall events—defined as daily
precipitation exceeding 20 mm—and their associated synoptic patterns in the Kabul Basin. The
research draws inspiration from global and regional studies, such as those by Smith & Brown
(2022) and Gonzélez & Ldépez (2023), which highlight the role of cyclones, jet streams, and
troughs in extreme precipitation, and regional analyses in Iran (e.g., Omidvar et al., 2020;
Rahimi & Azizi, 2024) that emphasize Mediterranean troughs and moisture flows. In
Afghanistan, prior studies (e.g., Karimullah et al., 2024; Rahmati et al., 2024) are limited,
underscoring the need for this research. Using daily rainfall data from 18 hydrological stations
over the period 2008-2022, we applied an environmental-circulation approach, employing
cluster analysis and synoptic mapping to identify atmospheric patterns driving these events.
Cluster analysis was selected because of its ability to objectively classify complex and
heterogeneous rainfall events into meaningful groups, providing a clearer understanding of
spatial and temporal variability.

The primary objective is to enable prediction and mitigation of heavy rainfall by understanding
atmospheric circulation behaviors, ultimately aiding water resource management, disaster
preparedness, and timely warnings.

Methods

This study utilized daily rainfall data from 18 hydrological stations across the Kabul Basin,
spanning 2008 to 2022, sourced from Afghanistan’s Ministry of Energy and Water Meteorology
Department. A threshold of 20 mm of daily rainfall was selected to define heavy rainfall events,
as this amount often triggers flooding in the basin’s mountainous terrain. A data matrix was
constructed with days as rows and stations as columns, containing daily rainfall values. Days
with missing data were excluded to ensure accuracy, and only those with rainfall >20 mm at
any station were retained for analysis.

Cluster analysis using Ward’s method was performed on these heavy rainfall days to group
them based on rainfall amount similarities, accounting for spatial variability influenced by
factors like topography, latitude, longitude, and proximity to moisture sources. This method
also facilitated the classification of stations by their heavy rainfall characteristics. Atmospheric
data, including sea-level pressure and conditions at 850 and 500 hPa levels, were extracted from
the NCEP/NCAR reanalysis dataset, provided by NOAA (available at www.cdc.noaa.gov).
This dataset offers daily averages at six-hour intervals since 1948, but only data matching the
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study period (2008-2022) were used. Synoptic maps were generated using GrADS software to
visualize atmospheric patterns.

The environmental-circulation approach was adopted to focus on specific heavy rainfall events,
linking rainfall data with atmospheric dynamics to identify recurring synoptic patterns. This
methodology allowed for a detailed examination of the interplay between local precipitation
and large-scale circulation systems.

Results

Cluster analysis identified three primary synoptic patterns responsible for heavy rainfall and
flooding in the Kabul Basin, each represented by a notable event: March 23, 2009: A trough
over the eastern Mediterranean drove this event, channeling moisture from the Persian Gulf and
the Sea of Oman into the Kabul Basin. The dynamic lift from the trough, combined with this
moisture influx, produced 31 mm of rainfall at Qala Malik station, resulting in localized
flooding. March 17, 2014: A deep trough over the region, coupled with cold air intrusion from
Siberia, created an unstable atmosphere. Moisture from the Red Sea and Persian Gulf amplified
the event, leading to 59 mm of rainfall at Bagh Umumi station and widespread flooding across
Parwan, Kapisa, and Kabul provinces. February 5, 2017: This event featured a trough in the
eastern Mediterranean, cold air from northern Asia and the Arctic, and an anticyclone over
India. The anticyclone directed moisture from the Indian Ocean northward, which, when
combined with the trough’s uplift and cold air, resulted in 60 mm of rainfall at Qala Malik
station and severe flooding. These patterns reveal the critical role of troughs, cold air masses,
and moisture transport from nearby water bodies (e.g., Persian Gulf, Sea of Oman, Indian
Ocean) in triggering heavy rainfall. The findings align with global studies (e.g., Robert et al.,
1998; Zhang et al., 2014), which note similar roles for troughs and cyclones, and regional
research in Iran (e.g., Mofidi & Sadeghi, 2015), where Mediterranean troughs are key.
However, the Kabul Basin’s unique interaction with Siberian cold air and the Indian anticyclone
distinguishes it. Monitoring these patterns enables prediction of heavy rainfall days in advance,
offering opportunities for preemptive flood mitigation.

Conclusion

This study demonstrates that heavy rainfall and flooding in the Kabul Basin are driven by three
distinct synoptic patterns involving troughs, cold air intrusions, and moisture from regional
water bodies. Analysis of data from 2008-2022 identified representative events on March 23,
2009 (31 mm), March 17, 2014 (59 mm), and February 5, 2017 (60 mm), each linked to specific
atmospheric configurations. The novelty of this work lies in providing the first systematic
classification of synoptic patterns behind heavy rainfall in Afghanistan, highlighting the
interplay of Mediterranean troughs, Siberian cold air, and the Indian anticyclone.

The research holds significant implications for water resource management, disaster
preparedness, and issuing timely warnings to protect lives and property in the Kabul Basin.
Compared to global and Iranian studies, the prominence of Siberian cold air and the Indian
anticyclone in this region highlights the need for localized analyses. Nevertheless, the study is
constrained by sparse station coverage and reliance on reanalysis data, which may limit spatial
detail. Future research should integrate higher-resolution datasets, remote sensing products, and
regional climate models to strengthen forecasting systems.

Practical recommendations include incorporating these identified synoptic patterns into early-
warning frameworks, developing region-specific forecasting tools, and strengthening
Afghanistan’s meteorological infrastructure to enhance resilience against floods.

Keywords: Heavy and Flooding Rainfall, Cluster Analysis, Kabul Basin, Synoptic Pattern.
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