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Abstract. Peninsular India is a unique region with major
mountain ranges that govern regional atmospheric circula-
tion and precipitation variability, the monsoons, and regional
geology at range of timescales and process scales. How-
ever, the landscape and climatic feature controls on stream-
flow variability at a regional scale using flow duration curves
(FDCs) — compact descriptions of streamflow variability that
offer a window into the multiple, interacting processes that
contribute to streamflow variability — have received little at-
tention. This study examines the suitability of the partition-
ing of (1) an annual streamflow FDC into seasonal FDCs and
(2) a total streamflow FDC into fast- and slow-flow FDCs
to unravel the process controls on FDCs at a regional scale,
with application to low-gradient rivers flowing east from the
Western Ghats in Peninsular India. The results indicate that
bimodal rainfall seasonality and subsurface gradients explain
the higher contribution of slow flow to total flow across
the north—south gradient of the region. Shapes of fast and
slow FDCs are controlled by recession parameters, reveal-
ing the role of climate seasonality and geological profiles,
respectively. Systematic spatial variation across the north—
south gradient is observed, highlighting the importance of the
coherent functioning of landscape—hydroclimate settings in
imparting a distinct signature of streamflow variability. The
framework is useful to discover the role of time and process
controls on streamflow variability in a region with seasonal
hydro-climatology and hydro-geological gradients.

1 Introduction

The hydrological functioning of catchment systems in any
given region has coevolved with the long-term climatology
and landscape features present in the region via mutual inter-
actions operating across multiple spatial and temporal scales
(Wagener et al., 2013). These interactions and long-term
feedbacks impart variability on hydrological processes that
are characteristic of the region of interest, including runoff
generation and riverine transport processes, thereby influenc-
ing water availability and reliability with respect to human
populations that depend on the streamflow. Understanding
streamflow variability in time and space across river basins
in the region is, therefore, very important for water resource
management (Deshpande et al., 2016; Sinha et al., 2018) and
the prediction and mitigation of floods (Kale et al., 1997).
The frequency of high flows, low flows, or flows within spe-
cific ranges is essential for risk assessment in water man-
agement projects involving control of streamflow variability.
Correct portrayal of streamflow variability at the catchment
or river basin scale is, therefore, an indispensable component
in many hydrological applications.
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The focus of this paper is on the flow duration curve
(FDC), which is a compact description of temporal stream-
flow variability at the catchment scale. The FDC represents
(daily) streamflow values plotted against the proportion of
time the given flow is exceeded or equalled (Smakhtin, 2001;
Vogel and Fennessey, 1994). The graphical form of the FDC
embeds the governing hydrological processes and dominant
flow characteristics throughout the range of recorded stream-
flow at the catchment scale (Botter et al., 2008). In this sense,
the FDC is also an important signature of a catchment’s
rainfall-to-runoff transformation (Ghotbi et al., 2020a; Vogel
and Fennessey, 1994). Thus, with their potential to encap-
sulate much of the relevant information of streamflow vari-
ability in a single plot, FDCs typify the old proverb, “a pic-
ture is worth a thousand words” (Vogel and Fennessey, 1995)
and have been used in many hydrological applications. Vogel
and Fennessey (1994) provide a brief history of the applica-
tion of FDCs in hydrology. FDC applications include waste
load allocation (Searcy, 1959), water quality management
(Searcy, 1959; Rehana and Mujumdar, 2011, 2012), reser-
voir and sedimentation studies (Vogel and Fennessey, 1995),
low-flow and flood analyses (Smakhtin, 2001), assessment of
environmental flow requirements (Smakhtin and Anputhas,
2006), and water availability for hydropower (Basso and Bot-
ter, 2012).

Streamflow observed in rivers results from the complex
interplay of various hydrological processes, including runoff
generation, overland and subsurface flow, and evaporation.
These processes operate across multiple temporal and spatial
scales, responding to climatic inputs and interacting with het-
erogeneous landscape properties. Deciphering the controls
on streamflow variability and understanding their manifesta-
tion in the FDC shape pose significant challenges (Cheng et
al., 2012; Ghotbi et al., 2020b; Yokoo and Sivapalan, 2011).
Therefore, identifying the process controls is essential to de-
velop appropriate conceptual frameworks. This approach en-
ables the generation of profound insights into the govern-
ing principles that underpin the observed variability in catch-
ments.

To address this complexity, Yokoo and Sivapalan (2011)
proposed a conceptual framework for unravelling FDC pro-
cess controls. They considered the total flow duration curve
(TFDC) as a statistical summation of a fast-flow duration
curve (FFDC) and a slow-flow duration curve (SFDC). The
FFDC, representing a filtered version of precipitation vari-
ability, is influenced by rainfall intensity patterns and surface
soil characteristics. In contrast, the SFDC reflects the com-
petition between subsurface drainage and evapotranspira-
tion, with seasonality and regional geology playing stronger
roles (Yokoo and Sivapalan, 2011). This distinction between
fast (surface runoff) and slow (subsurface streamflow and
groundwater flow) flow timescales allows for a nuanced un-
derstanding of the process controls governing each compo-
nent separately (Cheng et al., 2012; Yokoo and Sivapalan,
2011).
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Ghotbi et al. (2020a, b) used this framework to explore
FDC climatic and landscape controls using streamflow data
for hundreds of catchments across the continental US in a
comparative manner. In their work, Ghotbi et al. (2020a) em-
phasized the need to consider the fast-flow and slow-flow
time series independently as stochastic responses of catch-
ments to sequences of storm events. The intensity and fre-
quency of rainfall events and the properties of soils and to-
pography govern the variability in fast flows, whereas the cli-
mate seasonality and regional geology of the aquifer system
govern variability in slow-flow components. More specifi-
cally, Ghotbi et al. (2020b) showed the dominant FDC pro-
cess controls as being the aridity index, topographic slope,
coefficient of variation in daily precipitation, timing of rain-
fall, time interval between storms, snow fraction, and reces-
sion slope.

Stewart (2015) introduced the “bump and rise method”
(BRM), a novel baseflow separation technique calibrated
with tracer data or optimization methods for accurate repli-
cation of tracer-determined baseflow shapes. The aforemen-
tioned study challenged the conventional practice of solely
relying on streamflow for recession analysis, contending that
it can be misleading in understanding catchment storage
reservoirs. The study also suggested implementing baseflow
separation before recession analysis as a means to gain fresh
insights into water storage reservoirs and potentially resolve
existing issues associated with recession analysis. Significant
advancements have been achieved in unravelling the process
controls influencing FDCs; however, challenges persist in ex-
tending this knowledge to large spatial scales. To address
this, Leong and Yokoo (2022) proposed an innovative ap-
proach aimed at enhancing the flexibility and adaptability of
hydrological models by transforming the representation of
the subsurface component. This involves the creation of a
flexible structure composed of interconnected linear reser-
voirs, derived from a distinctive multiple-hydrograph sepa-
ration procedure, offering a comprehensive interpretation of
the dominant processes impacting FDC shapes and a more
throughout understanding of the number of distinct hydro-
logical processes involved. In this study, we adopted the
method proposed by Ghotbi et al. (2020, 2021) as a founda-
tional step to characterize fast- and slow-flow components,
recognizing the technique’s inherent limitations, which stem
from its empirical and subjective nature.

Botter et al. (2008) addressed river basin streamflow vari-
ability by presenting a seasonal probability distribution for
daily streamflow using a stochastic soil moisture model. Ex-
tending this to the annual scale, the aforementioned study es-
tablished analytical expressions for long-term FDCs, linking
them to the annual distribution minima through key basin pa-
rameters, including climate, ecohydrology, and geomorphol-
ogy. Muller et al. (2014) presented a process-based analytical
expression for FDCs in seasonally dry climates, employing
a stochastic model for wet-season streamflow and a deter-
ministic recession with stochastic initial conditions for the
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dry season. The approach disentangles inter- and intra-annual
streamflow variations effectively. Durighetto et al. (2022) de-
veloped analytical expressions for FDCs and stream length
duration curves (SLDCs) to classify streamflow and active-
length regimes in temporary rivers. It identifies two stream-
flow regimes (persistent and erratic) and three active-length
regimes (ephemeral, perennial, and ephemeral de facto)
based on dimensionless parameters linked to streamflow fluc-
tuations and catchment discharge sensitivity. The proposed
framework, validated in Italian and US catchments, reveals a
structural relationship between streamflow and active-length
regimes, offering a promising tool for analysing discharge
and river network length dynamics in temporary streams.

Our approach to understanding spatial patterns across
Peninsular India builds upon the foundational concept of
timescale decomposition, as previously explored in stud-
ies such as Botter et al. (2008), Muller et al. (2014), and
Durighetto et al. (2022). The decomposition of timescales,
while not novel in our study, serves as a fundamental frame-
work, aiding our analysis of spatial dynamics in the region.

Leong and Yokoo (2022) introduced an innovative ap-
proach, employing interconnected linear reservoirs to en-
hance hydrological model flexibility and adaptability. Car-
lier et al. (2018) addressed the neglect of geological char-
acteristics in catchment studies, revealing that climate con-
ditions predominantly influence medium to high discharge
percentiles, while the catchment’s ability to buffer meteo-
rological forcing is attributed to geological features. Bot-
ter et al. (2013) identified an index incorporating climate
and landscape attributes to discriminate between erratic- and
persistent-flow regimes, providing a robust framework for
characterizing hydrology in the face of global change. Basso
et al. (2015) investigated the role of non-linear storage—
discharge relations in shaping high-flow distributions, em-
phasizing the importance of analysing individual events for
accurate characterization. Ye et al. (2012) explored regional
variations in streamflow regime behaviour across the US,
highlighting the significance of snowmelt, vegetation cover
dynamics, and climate trends. Fenicia et al. (2014) linked
perceptual hydrological models with mathematical struc-
tures, demonstrating how distinct catchment processes influ-
ence model performance and emphasizing the need to syn-
thesize experimentalist and modeller perspectives. Together,
these studies contribute to a comprehensive understanding of
FDCs and advance our knowledge of hydrological processes
at different scales.

While the existing literature, represented by studies such
as Leong and Yokoo (2022), Carlier et al. (2018), Botter et
al. (2013), Basso et al. (2015), Ye et al. (2012), and Feni-
cia et al. (2014), contains work that has made significant
strides in understanding controls on FDCs and streamflow
variability, our study distinguishes itself by focusing on the
unique hydrological context of Peninsular India. The previ-
ously discussed works have primarily addressed FDC drivers
at regional or global scales, examining factors such as hydro-
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geology, climate, and landscape alterations. In contrast, our
study delves into the specific challenges posed by the envi-
ronment in Peninsular India, which is characterized by the
interplay of monsoons, mountainous terrain, and topograph-
ical gradients. Using a comprehensive approach encompass-
ing timescale decomposition and process decomposition as
well as statistical analyses, we employ FDC as a key tool to
unravel the controls on streamflow variability across Penin-
sular India. Our work enhances the understanding of hydro-
logical processes in a region with distinct monsoonal influ-
ences, thus advancing the state of the art and providing valu-
able insights for water resource management in Peninsular
India.

The novelty of the paper lies in exploring the controls on
streamflow variability in Peninsular India, a result of the im-
pacts of the south-west (summer season) and north-east (win-
ter season) monsoons, the presence of the Western Ghats and
Eastern Ghats, and topographical gradients. The paper ad-
vances the field by partitioning streamflow into three dis-
tinct temporal categories (non-monsoon, south-west mon-
soon, and north-east monsoon) and two process-based parti-
tions (fast flow and slow flow), using FDCs as a tool. This
approach allows for a detailed examination of the relative
contributions of each season and process to the overall an-
nual flow. Furthermore, the integration of a comprehensive
approach to analysing FDCs via the incorporation of a mixed
gamma distribution (MGD) to model both fast- and slow-
flow components, along with seasonal and regional explo-
ration, enhances the study’s novelty. The study uncovers the
influence of climate, geology, and hydrological processes on
MGD parameters, providing a better understanding of FDC
shapes. The inclusion of links between MGD parameters and
landscape properties, as well as the association between the
midsection slope of the FDC and recession parameters, adds
an additional layer of sophistication to the analysis. We rec-
ognize the abundance of FDC studies in the literature, but
we believe that our contribution is distinctive due to its inno-
vative combination of partitioning techniques and statistical
analysis, offering deeper insights into spatial variations and
emphasizing the intertwined influence of surface and subsur-
face processes on streamflow patterns in the region.

The remainder of the paper is structured as follows: Sect. 2
elaborates on the details of the study area and the daily
streamflow dataset used; the description of the methodology
employed for the analysis is presented in Sect. 3; the results
of the application of the framework to Peninsular India and
the interpretation of the results are presented in Sects. 4 and
5, respectively; and, finally, the paper is concluded in Sect. 6
with key insights gained into the nature of and controls on
streamflow variability across Peninsular India.
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2 Study region

Peninsular India is a cratonic region with an approximate
vast inverted triangle shape, diverse topography, and char-
acteristic climatic patterns; it is bounded by the Arabian
Sea in the west, the Bay of Bengal in the east, and the
Vindhya and Satpura ranges in the north. The long escarp-
ments of the Western Ghats and the Eastern Ghats, con-
stituting the western and eastern continental fringes of In-
dia, and an asymmetric relief with an eastward tilt towards
the floodplains of several eastward-draining rivers from the
1.5km high Western Ghats characterize the physiography
of Peninsular India (Richards et al., 2016). The rise of the
Himalayan Tibetan Plateau has significantly contributed to
the Neogene climate of Asia, favoured the birth of the mod-
ern monsoon (Fig. 1.a, b) (Chatterjee et al., 2013, 2017),
and triggered glaciation in the northern region. A wide va-
riety of plateaux, open valleys, bedrock gorges, mountain
ranges, inselbergs, and residual hills constitute the geomor-
phology of Peninsular India (Kale and Vaidyanadhan, 2014).
The region’s landscape is dominated by Deccan Traps (Dec-
can basalts) of Cretaceous—Eocene origin, igneous and meta-
morphic rocks (granite gneisses) of Archean—late Precam-
brian origin, and minor consolidated sediments (sandstone
and shale) of Precambrian—Jurassic origin (Fig. Ic) (Kale,
2014).

Peninsular India is strongly impacted by monsoons, ma-
jor seasonal winds that are a manifestation of the seasonal
movement of the Intertropical Convergence Zone (ICTZ in
Fig. 1a and b), which contribute largely to the annual rain-
fall variability over much of the subcontinent (Gadgil, 2003).
The monsoons have two components: the south-west mon-
soon and north-east monsoon, which arrive during June—
September (JJAS) and October-December (OND), respec-
tively. The south-west monsoon season contributes more than
75 % of the annual rainfall over the majority of the country
(Saha et al., 1979). However, the southern region of Penin-
sula India receives a significant portion (30 %—60 %) of its
annual rainfall during the north-east monsoon, which con-
tributes only 11 % of the rainfall annually to India as a whole
(Rajeevan et al., 2012). The maximum extent of rainfall over
the southern region of Peninsula India during the north-east
monsoon is due to the reversal of lower-level winds over
South Asia from the south-west to the north-east during the
retreating phase of the south-west monsoon (Rajeevan et al.,
2012). Peninsular India displays south—north variability in
the south-west monsoon, causing heavy rainfall along the
Western Ghats and reduced amounts in the central and north-
eastern regions (Fig. S2a in the Supplement).

The Western Ghats’ long escarpment hosts predominantly
tropical evergreen forest, crucial for intercepting south-west
monsoon winds (Ramachandra, 2018). Ramachandra (2018)
depicted a west—east vegetation gradient along the West-
ern Ghats, transitioning from tropical evergreen to semi-
evergreen and progressing from moist to dry deciduous
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forests towards the rain shadow region in the east. A topo-
graphic map of Peninsular India and of a selected point in the
region is depicted in Fig. S1a and b, respectively. The west-
ern margin of Peninsular India, influenced by the Western
Ghats, receives heavy rainfall, while the rain shadow region
experiences deficient rainfall (Fig. S2c). The geological and
tectonic history, coupled with monsoon climate events, has
significantly shaped the present landform (Kale, 2014).

The region on the Deccan Plateau of Peninsular India
shown in Fig. 2 is selected as the study area. The escarp-
ment of the Western Ghats forms the western margin of the
Deccan Plateau, which serves as the main water divide for
the river systems in Peninsular India. The gentle slope from
west to east causes peninsular rivers, such as the Mahanadi,
Godavari, Krishna, and Cauvery (Fig. 2), to flow eastwards.
Three of these rivers (the Godavari, Krishna, and Cauvery)
originate from the Western Ghats, spread across the area
from the Deccan Plateau, flow eastwards, and drain into the
Bay of Bengal. The Mahanadi River rises in the mountains of
Siwaha, bounded by the Eastern Ghats in the south and east,
and drain eastwards into the Bay of Bengal. Additional de-
tails about these river basins can be found in Sect. S1. The
study utilizes daily streamflow data (1965-2012) from 62
gauges across four river basins, sourced from the Water Re-
sources Information System (WRIS) database. The analysis
incorporates a daily gridded (0.25° x 0.25°) rainfall product
from the India Meteorological Department (IMD; Pai et al.,
2014).

3 Methodology

Initially, the study employs timescale partitioning to analyse
FDCs across Peninsular India, focusing on the non-monsoon,
south-west monsoon, and north-east monsoon periods in four
river basins. The analysis extends to regional scales, encom-
passing streamflow time series from all gauging stations, and
includes process-scale partitioning to assess the relative con-
tributions of fast- and slow-flow components, revealing spa-
tial patterns influenced by climate, geology, and aquifer char-
acteristics.

Additionally, the methodology entails a comprehensive
analysis of FDCs for fast- and slow-flow components across
seasons. It includes scaling time series to remove the influ-
ence of mean climate and geology and utilizing the statistical
distributions to examine parameters influencing FDC shapes.
The study explores links between statistical parameters and
landscape properties through recession analysis and inves-
tigates spatial variation in FDC parameters using descriptors
such as latitude, longitude, and catchment area. The final part
of the methodology focuses the association between the mid-
section slope of the FDC and recession parameters, exploring
the role of both surface and subsurface processes in control-
ling the average flow regime of the catchment.
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Figure 1. (a) The relation between Himalayan Tibetan Plateau uplift and monsoon initiation in India. Monsoon winds blow from the Indian
Ocean towards land in summer (b); during winter, the Himalayas prevent cold air from passing into the subcontinent, causing a reversal of
the wind direction and for the monsoon to blow from the land toward the sea (reprinted from Chatterjee et al., 2013). Panel (c) presents
the geology of Peninsular India (reprinted from the Central Ground Water Board, https://www.aims-cgwb.org/general-background.php, last
access: 1 January 2024).
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Figure 2. Location map of four river basins in Peninsular India. Stream gauges considered in this study are marked with red circles.

3.1 Timescale partitioning

The streamflow hydrograph, representing a catchment’s re-
sponse to random rainfall events, is treated as a stochas-
tic time series, with streamflow considered a random vari-
able. Utilizing distribution functions like the cumulative dis-
tribution function (CDF) allows for a concise assessment of
streamflow variability, aiding in the interpretation and com-
parison of catchment responses. CDFs have diagnostic and
practical value, facilitating the classification of catchments
based on flow regimes and supporting probabilistic treat-
ments in engineering design and environmental monitoring.
The CDF of a random variable (the random variable of in-
terest to us is daily streamflow, Q) expresses the probability
that a realization (i.e. observation) of Q does not exceed a
specific value g.

The FDC, an equivalent measure of streamflow variability,
represents the fraction of time (D) that streamflow is likely to
equal or exceed a specified value, expressed mathematically
as follows:

D(q)=P[Q=q]=1-F(9). ey
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Despite its probabilistic definition, the FDC is commonly
plotted in hydrological applications as g (D), i.e. g (on the
vertical axis) as a function of D (on the horizontal axis).

The streamflow time series can be equivalently divided
into temporal segments of distinct seasons as well as dis-
tinct months. In this case, by joining observed time series
over multiple years, FDCs for each time segment can be re-
constructed. Assuming independence (as an approximation),
these can then be combined to generate annual FDCs. The
theory for the timescale partitioning is illustrated in Fig. 3a.
The year is divided into three distinct (nonoverlapping) sea-
sons, i.e. the non-monsoon, south-west, and north-east sea-
sons (for Peninsular India), of relative durations 71, 7o, and
73 (with 71 4+ 70+ 13 = 1), respectively. These seasons can be
assumed to have distinct characteristics in terms of rainfall
variability and how they translate to streamflow variability.
The daily streamflow time series is used to construct the sea-
sonal and annual FDCs. For example, the FDC of the non-
monsoon season is constructed using the daily streamflow
during the period of January—May over the years. Similarly,
FDC:s for the south-west and north-east monsoon seasons are
constructed using the daily streamflow during the respective

https://doi.org/10.5194/hess-28-1493-2024
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June—September and the October—December months over the
years, whereas the annual FDC is constructed using daily
streamflow values for 365 or 366 d over the years. The FDCs
at monthly timescales are obtained using the daily values of
streamflow in a month over the years. The FDCs for the
three distinct seasons, i.e. non-monsoon, south-west mon-
soon, north-east monsoon seasons, are denoted as Dnwm(q),
Dsw(q), and Dng(q), respectively. Initially, the FDCs for
each season can be constructed separately (Fig. 3a).

The annual FDC with exceedance probability P [Q > q]
refers to the probability of annual-scale flow being greater
than or equal to ¢, and it is expressed as follows:

D(@)=P[Q >q]=1Paw[0Q >1]
+ 12 Psw) [0 = q] + 3P [Q = 4q]. ()
D(q) =t1Dxm (@) + ©2Dsw (q) + t3DNE () - 3

Here, Poumy [Q > ¢], Psw)[Q =¢], and Py [Q > ¢]
refer to the probability of flow in the respective non-
monsoon, south-west monsoon, and north-east monsoon sea-
sons being greater than g. As the seasons are nonoverlap-
ping, the probability of flow being greater than ¢ at the an-
nual scale (i.e. P[Q > ¢]) can be expressed as the sum of
the weighted probabilities of flow being greater than ¢ in the
three seasons.

In general, the FDC at the annual scale can be constructed
as follows:

D(g)=tu1D1(q)+ 0D (q)+...+ 0Dy (q), 4

where 7 is the number of distinct seasons considered for the
analysis and 1 + 72 +...+ 1, = 1. The validity of the above
depends on the assumption that there is no carryover of flows
from one season to the next season (which is an approxima-
tion). In this study, the assumption of independence between
flows across three seasons is checked using a multivariate
Hoeffding’s test (see details in Sects. S2 and S3).

The relative contributions of the non-monsoon, south-west
monsoon, and north-east monsoon flows to the annual flow,
CNM— AN, Csw— AN, and CNE— AN, respectively, can be ap-
proximated via the following corresponding expressions:

Crv AN = T1E(ONm) 6
T1E(ONm) + 12E (Osw) + 13 E (ONE)
Cowoan = T E (Qsw) L ©
T1E(ONm) + 2 E (Qsw) + 13E (ONE)
c _ 73E (ONE)
NE—AN = )

T1E(Oxm) + 2E (Osw) + T3E (ONg)

Similarly, the relative contributions of monthly flows to
annual flow can be expressed as follows:

SE(Om)

— = (8)
B et E(Qm)

Cm—)AN =

https://doi.org/10.5194/hess-28-1493-2024

1499

Note, as before, these relative contributions to total flow
effectively also measure the relative contributions of the sea-
sonal or monthly flows to the mean of the annual FDC.

The methodology for constructing the annual FDC using
seasonal FDCs is as follows:

1. The empirical probability density functions (PDFs) —
M (@), fsw(g), and fNg(q) — are derived for daily
streamflow time series for the non-monsoon, south-
west monsoon, and north-east monsoon seasons, re-
spectively.

2. These PDFs are then multiplied by corresponding scal-
ing factors, 71, 72, and 13, in Eq. (S4). The scaling fac-
tors represent relative durations of the three seasons
considered. For example, 71 = 5/12, as the duration of
the non-monsoon season is 5 months.

3. The PDF of annual flow is estimated as the weighted
sum of three scaled density functions corresponding to
the three seasons (see Eq. S2). The annual flow consists
of the daily streamflow for the non-monsoon, south-
west monsoon, and north-east monsoon seasons.

The performance of the timescale partitioning framework is
assessed using the root-mean-square error (RMSE) metric.
The method of estimation of g is shown in Fig. S3.

1
RMSE = \/; Z?:l (Gactual — QSim)z 9
3.2 Process partitioning

Daily streamflow is partitioned in such a way that it approxi-
mates the statistical summation of fast flow and slow flow at
the daily scale (Fig. 3b):

Q= Q¢+ 0O, (10)

where Q is the daily streamflow, Qr is the daily fast flow, and
Qs is the daily slow flow.

The relative contributions of fast flow and slow flow to to-
tal flow, C_, tr and CsF_, TF, respectively, can be expressed
as follows:

c Total fast-flow volume 1
2=~ @7 "ol flow volume (1n
Total slow-flow volume

Co. 0= . 12
Q=0 Total flow volume (12)

Note that Cg, ¢ and Cg, _, ¢ effectively measure the
relative contributions of fast and slow flows to the mean of
the annual FDC.

3.3 Exploring FDC controls and spatial patterns:
insights from statistical distributions and analysis
of midsection slope

The analysis then extends to the comprehensive analysis of
FDCs for fast- and slow-flow components across different
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seasons, with a focus on understanding their variations and
controls. The first step is to scale the fast- and slow-flow time
series by their respective long-term mean values, effectively
removing the influence of mean climate and geology. This
scaling allows the identification of secondary controls on the
shapes of FDCs.

A MGD is then used to fit the scaled fast- and slow-flow
time series, and the parameters of the MGD are examined for
their influence on the FDC shapes (see Sect. S4; Krasovskaia
et al., 2006; Botter et al., 2007; Muller and Thompson, 2016;
Santos et al., 2018). The variation in the parameters of the
MGD are explored, regionally and seasonally, considering
the influence of mean climate, geology, and complex hydro-
logical processes on fast and slow flows. The performance
of the MGD with respect to fitting FDCs is assessed using
goodness-of-fit metrics such as the Nash—Sutcliffe efficiency
(NSE) and coefficient of determination (R?2). Seasonal vari-
ations in MGD parameters are analysed at a regional scale,
considering all gauging stations. The studies conducted by
Botter et al. (2013), Muller et al. (2014), Basso et al. (2015),
Arai et al. (2021), and Leong and Yokoo (2022, 2019) illu-
minate the complex interplay between recession parameters
and FDC characteristics, underscoring the pivotal influence
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of recession parameters on hydrological systems, encom-
passing catchment attributes and storage—discharge relation-
ships. Consequently, in pursuit of a deeper understanding, we
delve into examining the connection between MGD parame-
ters and landscape properties via recession analysis. Spatial
variation in FDC parameters is then investigated using de-
scriptors such as latitude, longitude, and catchment area.

The final aspect of the methodology involves the associa-
tion between the midsection slope of the FDC and recession
parameters, emphasizing the role of both surface and sub-
surface processes in controlling the average flow regime of
the catchment. The methodology aims to unravel the intricate
interplay of climate, geology, and hydrological processes in
shaping the regional hydrological signatures of Peninsular
India.

4 Results and discussions
4.1 Timescale partitioning
We initially investigated the spatial variations in seasonal and

annual FDCs across Peninsular India employing the parti-
tioning framework. The annual FDC and seasonal FDCs for
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the non-monsoon, south-west monsoon, and north-east mon-
soon seasons are shown in Fig. 4 for eight representative
gauges: one in the upstream section and one in the down-
stream section of each of the four river basins. The estimated
annual FDC (red curve), calculated using Eq. (S2), is also
shown in Fig. 4. The daily streamflow time series is nor-
malized by catchment area before plotting (on a semi-log
scale) the FDC for comparison across the gauging stations.
In particular, the annual FDC (black scatter in Fig. 4) is re-
produced well by the partitioning of both seasonal (red curve
in Fig. 4) and monthly flows (red curve in Fig. S4). The mean
and variance of annual flows are also reproduced well by the
timescale partitioning framework (Fig. S5). This confirms the
efficacy of the timescale partitioning approach of seasonal or
monthly flows in approximating the annual FDC (see also
Figs. S4 and S5a and d).

Another feature that can be observed in Fig. 4 is that, for
gauging stations located in the northern part of the peninsular
region, the FDCs of south-west monsoon flows (orange curve
in Fig. 4) are relatively higher compared with other seasonal
FDCs. Given the logarithmic scale used to plot the flows, this
dominance is significant. At sites located in the southern part
of the region, the dominance of the south-west monsoon is
not as strong and north-east monsoon flows (blue curve in
Fig. 4) are also significant.

Motivated by these observations, we extracted seasonal
and monthly streamflow time series from the entire dataset
across all gauging stations to compute the relative contri-
butions of seasonal and monthly flows to the annual FDC.
The results are presented in Fig. 5. At the monthly scale
(Fig. 5a—d), the contributions of flows during the months of
June—September are much higher than those in other months
in northern basins (Mahanadi and Godavari as well as Kr-
ishna to a lesser extent) in Peninsular India. This can be
explained by the contribution of monthly rainfall to annual
rainfall, which is higher during these months, as shown in
Fig. S6. On the other hand, in the southernmost Cauvery
Basin, the dominance of the June—September months is not
as strong, and there is also a significant contribution during
the months of October—December, higher than in northern
basins (Fig. 5d). This can be attributed to the slightly more
equal dominance of both the south-west (June—September)
and north-east (October—December) monsoons over the Cau-
very Basin (Fig. S6d) compared with the northern basins.
This pattern is also reflected at the seasonal scale (Fig. 5e—
h), with the contribution of the south-west monsoon flow to
annual flow being slightly higher than that during the other
seasons and much higher in northern basins. However, the
contribution of the south-west monsoon to annual flow de-
creases in southern basins, while the contribution of north-
east monsoon increases, as can be seen clearly in Fig. Sh
for the Cauvery Basin. The contribution of the non-monsoon
season to annual flow is also higher in southern basins rel-
ative to the northern basins. This can be attributed to carry-
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over flows from winter rains during the north-east monsoon,
which is more pronounced in the southern part of the region.

We next carried out regional-scale analysis by consider-
ing streamflow time series of all the gauging stations across
all four river basins. Similar to the basin-scale analysis pre-
sented before, the relative contributions of seasonal and
monthly flows to annual flow are now estimated at the re-
gional scale (Fig. 6). The spatial patterns of south-west and
north-east monsoon rainfall across Peninsular India are plot-
ted for comparison using the IMD gridded rainfall product
(Fig. 6b, e).

The contribution of south-west monsoon flows to annual
flow increases in the northerly direction (Fig. 6a). The moun-
tainous region of the southern part of Peninsula India (west-
ern part of Krishna Basin and north-western part of Cauvery
Basin) receives high rainfall during the south-west monsoon
season (Fig. 6b — extended until 17° N). The streamflow pro-
duced in the headwater regions of southern basins in response
to high rainfall, contributes at least 70 % of the annual flow
(Fig. 6a). However, the areal fraction of these high-rainfall
headwater regions within the four river basins is quite small,
and their contributions to the average precipitation or flow at
the basin scale is much smaller. There is also considerable
variability in the contributions of south-west monsoon flows
to annual flow in the subbasins located in the eastern and
south-eastern parts of the Krishna and Cauvery basins (rep-
resented by the scatter below the regression line until 17° N
in Fig. 6a) due to declining rainfall (Fig. 6¢). This consider-
able variability, on average, reduces the overall contributions
of the south-west monsoon to annual flow in southern penin-
sula region with respect to the basins in the northern part.

The northern part of Peninsular India receives compara-
tively higher rainfall than the southern part without consid-
ering the Western Ghats. This increased rainfall is attributed
to the movement of low-pressure systems that develop over
the Bay of Bengal towards central India (Krishnamurthy and
Ajayamohan, 2010; Prakash et al., 2015). The low-pressure
systems are a regular feature of the south-west monsoon,
which brings a significant amount of rainfall in the north-
ern part of Peninsular India (Krishnamurthy and Ajayamo-
han, 2010). The increased rainfall (Fig. 6b — after 16° N) is
responsible for the higher contribution of south-west mon-
soon flows to annual flow in the northern basins. As the spa-
tial variability in this rainfall is comparatively less than in
the southern peninsular region, there is less variability in the
contribution of south-west monsoon flows to the annual flow.
The spatial variability in the south-west monsoon along the
south—north direction across the Peninsular India region can
explain the gradient in the contribution of south-west mon-
soon flows to annual flow in the same direction.

On the other hand, the contribution of north-east mon-
soon flows to annual flow increases in the southerly direc-
tion (Fig. 6d, e). This can be explained by the fact that the
southern part of Peninsular India receives higher rainfall dur-
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ing north-east monsoon than the rest of Peninsular India
(Fig. 6f).

The application of the analysis framework used here is
based on the critical assumption of independence of flows
between different seasons (months), which needs to be criti-
cally evaluated. Moisture carryover across seasons is a con-
founding issue in the case of strongly seasonal catchments
(i.e. exhibiting sharp transition from the wet season to the dry
season in terms of rainfall climatology), specifically when
the initial wetness condition at the onset of the dry sea-
son depends on the final wetness at the end of wet season
and vice versa. Although most of the rainfall (58 %—-90 %) is
concentrated during south-west monsoon months (i.e. June—
September, red bar in Fig. S7) in basins in Peninsular In-
dia, more than 10 % of the annual rainfall is received dur-
ing north-east monsoon months (i.e. October—December, yel-
low bar for Cauvery and Krishna basins in Fig. S7). In ad-
dition, more than 8 % of annual rainfall occurs in the non-
monsoon season (i.e. January—May, blue bar in Fig. S7). This
highlights that rainfall received during the non-monsoon and
north-east monsoon seasons are comparable; thus, it is diffi-
cult to distinguish the rainfall climatology across these sea-
sons. It is consequently challenging to declare that these are
catchments with seasonally dry climates. In order to jus-
tify our assumption in the reconstruction of the annual FDC
from seasonal flows, we conducted a multivariate Hoeffd-
ing test (Gailer et al., 2010) to check the independence be-
tween three random variables representing the non-monsoon,
south-west monsoon and north-east monsoon flows, respec-
tively. A value of the test statistic ¢ that is close to zero in-
dicates independence between the three random variables. It
is observed that, except for two stations in Krishna Basin, 60
out of 62 stations show independence between flows across
the seasons (Fig. S8). This supports the appropriateness of
the no-carryover assumption used in this study to construct
the annual FDC based on seasonal FDCs.

4.2 Combined influence of timescale and process-scale
partitioning

In order to further explore the climatic and landscape con-
trols on streamflow variability at a regional scale, we next
partitioned streamflow into fast- and slow-flow components,
notionally representing surface runoff, and a combination of
subsurface and groundwater flow, respectively (Ghotbi et al.,
2020a, b). Fast flow is controlled by event-scale runoff gen-
eration processes and its variability is characterized by to-
pography, land use, soil, and rainfall characteristics. On the
other hand, climate seasonality and geological formations of
the subsurface are primary controllers of slow-flow variabil-
ity (Ghotbi et al., 2020a, b). The slow-flow component is
extracted from observed streamflow using a recursive digi-
tal filter (see details in Sect. S5). The fast-flow component
is obtained by then subtracting the slow flow from observed
streamflow. The relative contributions of fast flow and slow
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flow to total flow (and, hence, also mean annual flow) are
estimated using Eqgs. (11) and (12), respectively, for all the
gauging stations across all four basins. The relative contribu-
tions of fast and slow flows to total flow at the basin and re-
gional scales (combining all the gauging stations) are shown
in Fig. 7. In addition, the long-term mean annual rainfall
across Peninsular India is also presented for comparison and
to possibly explain the contributions of fast flow (Fig. 7h).

The contributions of fast and slow flows to total flow in
each of the four river basins is presented in Fig. 7a—d, in-
dicating a strong dominance of fast flow in the northern
basins (close to 80 % in the Mahanadi, Godavari, and Krishna
basins) and relatively less dominance (around 60 %) in the
southern Cauvery Basin. This dominance of fast flow is also
seen at the regional scale (Fig. 7e). The regional variations in
the relative contributions of slow and fast flows to total flow
can also be seen in the results for individual gauges presented
in Fig. 7f and g, respectively. On average, the contribution of
slow flow decreases in the northerly direction, whereas the
contribution of fast flow increases in a corresponding way.

The contribution of fast flow to total flow increases in the
northern direction in Peninsular India (Fig. 7g). The fast-flow
component of streamflow is generally more responsive to the
characteristics of rainfall intensity. The southern part of the
region receives high rainfall over Western Ghats along the
western edge of Krishna Basin and Cauvery Basin (Fig. 7h).
In Cauvery Basin, the headwater catchments (namely, MH
Halli, Muthankera, and Thengumarahada; Fig. S6) contribute
57 %—65 % of fast flow to total flow locally. The subbasins
located at the western edges of Krishna Basin contribute
80 % of the fast flow to total flow (between 13 and 18°N;
Fig. 7g) locally. However, there is a wide range of variability
in the contributions of fast flow to total flow for subbasins
located in the eastern part of Krishna Basin. The spatial
mean rainfall increases and variability decreases after 16° N
(Fig. 7h), dictating the increased contribution of fast flow to
total flow. Therefore, the spatial characteristics (mean and
variability) of annual rainfall control the south-north gradi-
ent in fast-flow contributions to total flow. In order to ex-
plain the variability in the slow-flow fraction of total flow,
a multivariate regression analysis is performed (details are
provided in Sect. S8). It is observed that the location of the
gauges is an important predictor of the slow-flow fraction
of total flow in Peninsular India, revealing the existence of
a regional groundwater gradient in the region (see Sect. S7
and Table S1). In addition to the location of the gauges, the
recession parameter 8, which controls the aquifer geometry
and water level elevation profile during early and late stages
of recession, is found to be significant in explaining the slow-
flow fraction of total flow (see Sect. S7 and Table S1).

The contributions of slow flow to total flow increases in
a southerly direction over Peninsular India (Fig. 7f). This
can be explained by two major factors. Firstly, the peninsular
region is mostly dominated by hard-rock geological forma-
tions, where the subsurface flows are controlled by secondary
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porosities due to weathering and fracturing (Chandra, 2018;
Das, 2019). The distribution of these formations is highly
heterogenous (Fig. 1c) and is responsible for the baseflow
(slow-flow) contribution to total flow (Collins et al., 2020;
Narasimhan, 2006). For example, 84 % of the total area of
Cauvery Basin is classified as moderate to good groundwa-
ter potential zones (Arulbalaji et al., 2019). The influence of
such potential regions in Cauvery Basin is reflected in the
presence of a significant amount of slow flow, even in the
non-monsoon season (Fig. 8g, h). Likewise, 63 % of the total
area of Krishna Basin is classified in the same manner (Harini
et al., 2018). However, the slow-flow regime becomes much
more seasonal (Fig. 8) in the northern part of Peninsular In-
dia due to the limited capability of geological formations to
transmit slow flow (Patil et al., 2017) and to strong seasonal-
ity in rainfall patterns (Fig. 8). Secondly, the southern part of
the peninsula receives almost equal rainfall during both the
south-west and north-east monsoons, which is reflected in
the bimodal pattern of rainfall seasonality (Fig. 8g, h). The
compounding effect of bimodal rainfall seasonality and the
higher fraction of moderate to good groundwater potential
zones explains the higher contribution of slow flow to total
flow in southern part of Peninsular India.

Further, an investigation of the combined influence of cli-
matic timescales and process timescales is, therefore, per-
tinent to fully understand the controls on streamflow vari-
ability in this region. To address this question, we extracted
the fast- and slow-flow components for the respective non-
monsoon, south-west monsoon, and north-east monsoon sea-
sons. These components are then used to estimate their rela-
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tive contributions to total flow for the three seasons across all
of the gauging stations.

The relative contributions of fast and slow flow to total
flow at the basin scale are shown in Fig. 9. It is observed that
the median contributions of fast and slow flow for the Ma-
hanadi, Krishna, and Cauvery basins are similar during the
non-monsoon period, although considerable variability exists
with respect to their distribution. With the onset of the south-
west monsoon, the contribution of fast flow to total flow in-
creases markedly for all of the basins, although much less in
the Cauvery Basin. During the subsequent north-east mon-
soon season, the contribution of fast flow decreases, whereas
the slow-flow contribution increases. The fluctuations in the
fast-flow contributions can be explained by the onset and
withdrawal of the monsoon seasons, which are major con-
tributors to fast-flow generation. The fluctuations in the fast-
flow contributions across seasons can be explained by the
differences in the rainfall amount during the south-west and
north-east monsoons (Fig. 6¢, f). Among all four basins, the
difference in the median contributions of fast and slow flow is
minimum. This can be attributed to the presence of a higher
fraction of moderate to good groundwater potential zones
(Arulbalaji et al., 2019) that promote baseflow even in dry
periods (Fig. 8g, h). The presence of a bimodal pattern in
rainfall seasonality due to both the south-west and north-east
monsoons minimizes the difference between the relative con-
tributions of fast and slow flow to total flow.
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Figure 9. Seasonal contributions of fast flow (FF) and slow flow (SF) to total flow at the basin scale.

5 Stratification of streamflow variability

5.1 Understanding physical controls on and spatial
variation in the FDC by fitting statistical
distributions

So far, in this paper, in order to understand the physical con-
trols on regional streamflow variability across Peninsular In-
dia, we have partitioned observed streamflow in two ways:
(1) seasonal or monthly flows and (ii) slow and fast flows. We
have looked at the relative contributions of these components
to mean annual streamflow, examined how the relative contri-
butions varied regionally, and attributed these to the relative
strengths of the monsoons and spatial variations in the geo-
logical formations. We now return to the FDCs of the flow
components, especially the shapes of the FDCs (as reflected
in the parameters of the fitted distribution) and look at how
they themselves vary regionally.

In our study, the fast- and slow-flow time series are scaled
by their respective long-term mean values to remove the in-
fluence of mean climate and geology, thereby providing an
opportunity to identify the secondary controls on the vari-
ation in the shapes of FDCs. The scaled fast- and slow-
flow time series are then used to fit the MGD (see details
in Sect. S4). The parameters of the MGD control the shape
and orientation of the FDC. For example, the shape param-
eter k controls the slope of the FDC, whereas « controls the
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zero-flow part of the FDC. However, the parameter 6 affects
the vertical shift in the FDC. In addition, these parameters are
also linked to the mean and variance of the streamflow time
series. For example, the scale parameter 6 is directly pro-
portional to the mean of the time series, whereas the shape
parameter k is inversely proportional to the variance in the
time series.

As the fast- and slow-flow time series are scaled using their
respective long-term means, the scale parameter (0) is found
to be approximately inversely proportional to the shape pa-
rameter (k) via the following relationship: k6 = ﬁ (Cheng
et al., 2012). Therefore, the variations in only k and « (the
zero-flow probability) are presented in this section. The vari-
ation in k can be related to the steepness of the FDC, i.e.
smaller values of k will have steeper slopes.

The Nash—Sutcliffe efficiency (NSE) and coefficient of de-
termination (R?) metrics outlining the goodness of fit of fast
or slow flows to MGD are shown in Fig. S10. In addition, the
observed and simulated FFDCs and SFDCs are compared in
Fig. S8. It is observed that the slow-flow component fits well
to the MGD compared with the fast-flow component, as slow
flow is the most stable component and the MGD satisfacto-
rily captured the shape of the SFDC. However, the MGD ad-
equately captures the shape of FFDC at the upper tail (high-
flow segment) but not at the lower tail (low-flow segment).
The fast-flow processes are governed by more complex pro-
cesses (e.g. infiltration and saturation excess runoff genera-
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tion, runoff routing, the stochastic nature of storm events, and
the properties of soil and topography) than slow flow (e.g. cli-
mate seasonality and the underlying geology of aquifer sys-
tem).

The seasonal variation in the parameters of the MGD at
the regional scale (comprising all of the gauging stations) is
presented in Fig. 10. The MGD performed well with respect
to fitting the FDCs of two flow components across differ-
ent seasons (Fig. S10). In Fig. 10a, it is observed that the
shape parameter of slow flow is consistently higher than that
of fast flow. The shape parameter is inversely proportional
to the variance in streamflow. The slow flow exhibits lower
variance due to its longer time of residence in the subsurface
formations. Moreover, the subsurface formations in Cauvery
Basin are more favourable to slow flow in comparison with
the other three basins (Fig. 8g, h). In addition, the bimodal
seasonal pattern of rainfall is also responsible for the occur-
rence of slow flow, even in the non-monsoon period for the
southern basins (Fig. 8).

The fast-flow component exhibits higher variance than the
slow-flow component. The median shape parameter of fast
flow is highest during the south-west monsoon season and
lowest during the north-east monsoon (Fig. 10a). This can be
explained by the lower variance in fast flow during the south-
west monsoon, as the rainfall amount is higher during this
season compared with the north-east monsoon (Fig. 6c¢, f).
The dominance of both the south-west and north-east mon-
soons in Cauvery Basin results in lower variance in fast flow
compared with the northern basins. The FFDCs are steeper
than the SFDCs for all seasons, as the magnitude of k for fast
flow is smaller than that of slow flow (Fig. 10a).

The parameter « controls the zero-flow part of the FDC. It
is observed that the mean « for slow flow is lowest during the
south-west monsoon and highest during the non-monsoon
season (Fig. 10b) at a regional scale. This can be attributed
to the combined influence of rainfall during the south-west
monsoon and the connectivity between underlying geologi-
cal formations in Peninsular India. For the fast flow, the mean
« is lowest during the south-west monsoon and highest dur-
ing non-monsoon, as the south-west monsoon is the domi-
nant rainfall season in Peninsular India.

The shape parameters (k) of the MGD for slow- and fast-
flow components are linked with landscape properties via re-
cession analysis, where the y and B parameters of the power-
law relationship are estimated using streamflow data (details
in Sect. S6). It is observed that the shape parameter (inversely
proportional to variability) of slow flow is positively corre-
lated with B. The parameter § is influenced by the aquifer
geometry and the water table elevation profile defining the
early and late stages of recession (Tashie et al., 2020a, b).
Higher values of 8 indicate slow, late recessions, which are
characterized by low variability in slow flow (Fig. 11a).

The shape parameter of fast flow is negatively corre-
lated with the parameter y of the power-law relationship
(Fig. 11b). The parameter y is strongly related to the sea-
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sonality of catchment wetness and evapotranspiration, which
are primary governing factors for runoff generation (Dralle
et al., 2015; Gnann et al., 2021). In addition, the spatial vari-
ation in rainfall also influences the variability in y (Biswal
and Nagesh Kumar, 2014), which reflects the variability in
fast flow.

The variation in the k£ and o parameters was also studied
using spatial descriptors (latitude and longitude) as explana-
tory variables to understand the spatial variation in FDCs
across south—north and west—east gradients. In addition, the
behaviour of these parameters was assessed using catchment
area as another explanatory variable. The regional parame-
ter sets comprising k and o« were next constructed for slow-
and fast-flow processes by including these parameters for
all of the time series for different gauging stations across
Peninsular India. The Spearman correlation coefficients be-
tween these parameters and explanatory variables (i.e. catch-
ment area and spatial descriptors — latitude and longitude) for
slow- and fast-flow processes at seasonal scales were com-
puted. The schematic representation of significant directions
(positive or negative correlations) in the Spearman coeffi-
cients is shown in Fig. 12.

The shape parameter of fast flow is found to be positively
correlated with catchment area (Fig. 12, top panel), imply-
ing lower variability in fast flow in large catchments. This
can be attributed to the increased smoothing effect of incom-
ing rainfall in larger catchments via various storages, thus
reducing the variability in fast flow. Moreover, the shape pa-
rameters for fast flow are negatively correlated with spatial
descriptors, indicating increased variability in fast flow along
south—north and west—east gradients. This can be partly ex-
plained by the bimodal seasonal pattern of rainfall due to the
dominance of the south-west and north-east monsoons, thus
reducing the variability in fast flow in the southern part of
the region. The rainfall pattern becomes more seasonal (pri-
marily due to south-west monsoon) in the northern part of
region, which can contribute to increased variability in fast
flow. The presence of numerous water retention structures to
support irrigation in these regions (54 %—75 % of basins in
Peninsular India are cropland) can modify the variability in
the flow, although we have not analysed this separately in this
study.

The shape parameter of slow flow is found to be nega-
tively correlated with latitude, implying that slow flow be-
comes highly variable in the northern part of the region. This
can be explained by the nature of geological formations in
the Cauvery Basin that promotes slow flow even during the
non-monsoon period. However, in the northern part of the
region, slow flow tends to become more seasonal and has
very limited flow during non-rainy seasons. In addition to
the geology, the bimodal seasonal rainfall patterns due to
monsoons can play an important role in the variability in
slow flow. Apart from the spatial descriptors, slow-flow vari-
ability is inversely proportional to catchment area, implying
that larger catchments have lower slow-flow variability than
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smaller catchments. This can be explained by the propor-
tional increase in the area of contribution to slow flow with
increase in catchment size, thus reducing the variability in
slow flow for larger catchments.

The o parameter is found to be negatively correlated with
catchment area (Fig. 12, bottom panel) for fast and slow
processes, implying that zero-flow probabilities are lower
for larger catchments. The higher residence time of water
in larger catchment due to various kinds of storage facili-
tates flow in rivers, even in the non-monsoon season, thereby
reducing the zero-flow probabilities. In addition, the « pa-
rameter of both slow and fast flow is negatively correlated
with longitude, implying lower zero-flow probabilities along
a west—east direction. This can be attributed to the natural
declining elevation (Fig. S1b) which promotes both fast and
slow flow in an eastward direction.
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5.2 Understanding physical controls and spatial
variation in the seasonal FDC using the midsection
slope

Apart from the mean, variance, and no-flow frequency,

the midsection slope of the FDC - estimated using
1 p)—1
W, where Q33, and Qgsp represent the

streamflow values at the respective 33rd and 66th percentiles
— is connected to the average flow regime of the catchment,
which is controlled by both surface and subsurface processes
(Yokoo and Sivapalan, 2011; Chouaib et al., 2018). The as-
sociation of the slope of the FDC with the parameters per-
taining to recession analysis is presented in Fig. 13.

During the non-monsoon and north-east monsoon seasons
(Fig. 13a, ¢) — when rainfall is comparatively lower than
during the south-west monsoon — a significant association
between flow variability and B highlights the importance
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of slow-flow and recession characteristics controlled by the
aquifer geometry and water table elevation profile. In addi-
tion to a significant association with 8 during the south-west
monsoon (Fig. 13b), the midsection slope of the FDC is posi-
tively correlated with y (the parameter that is strongly related
to the seasonality of catchment wetness, evapotranspiration,
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and spatial variation in rainfall), revealing the importance of
land surface processes in streamflow variability.

A coherent pattern in streamflow variability (via the mid-
section slope of the FDC) is observed across a south—north
gradient in Peninsular India (Fig. 13e). This systematic pat-
tern in streamflow variability reflects the influence of the
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combined functioning of subsurface and land surface pro-
cesses on regional hydrological signatures in this region.

6 Conclusions

The comprehensive analysis of spatial variations in seasonal
and annual FDCs across Peninsular India has provided valu-
able insights into the controls on streamflow variability at
different scales. The partitioning framework employed in
this study effectively approximated annual FDCs, confirming
their efficacy in capturing the intricate dynamics of seasonal
and monthly flows. Noteworthy spatial patterns emerged,
with gauging stations in the northern part of the peninsula
exhibiting higher dominance of south-west monsoon flows
in contrast to the more balanced contributions observed in
the southern regions, where north-east monsoon flows also
played a significant role.

The regional-scale analysis unveiled the influence of spa-
tial patterns of monsoon rainfall, showing increased contri-
butions of south-west monsoon flows in the northerly direc-
tion and elevated contributions of north-east monsoon flows
in the southerly direction. The study also delved into the
partitioning of streamflow into fast and slow components,
revealing a dominance of fast flow in northern basins and
an increasing contribution of slow flow in the southerly di-
rection. Factors such as rainfall intensity, geological forma-
tions, and groundwater gradients were identified as critical
controls shaping these flow characteristics. The investigation
of combined influences of climatic timescales and process
timescales further enriched our understanding of streamflow
variability. Seasonal fluctuations in fast- and slow-flow con-
tributions highlighted the dynamic nature of the streamflow
response to monsoon onset and withdrawal. The study em-
phasized the importance of considering both climatic and
landscape factors across different scales to comprehensively
grasp the controls on streamflow variability in Peninsular In-
dia.

By undertaking an extensive analysis of FDCs for both
fast- and slow-flow components across different seasons, the
study aims to understand the variations and controls govern-
ing these hydrological patterns. The initial step of scaling
the fast- and slow-flow time series by their respective long-
term mean values serves as a crucial tool in isolating sec-
ondary controls on FDC shapes, effectively removing the in-
fluence of mean climate and geology. The subsequent use of
the MGD to fit the scaled time series allows for an advanced
examination of the parameters influencing FDC shapes, with
a focus on the key factors of the shape parameter (k) and
the probability of zero flows («). The seasonal variations in
the MGD parameters at a regional scale reveal the impact of
monsoons on streamflow characteristics. Notably, the con-
sistently higher shape parameters for slow flow highlight the
lower variance attributed to longer residence times in sub-
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surface formations, emphasizing the influence of geological
features.

Further exploration into the relationships between the
MGD parameters and landscape properties via recession
analysis enhances our understanding of hydrological con-
trols. The positive correlation between the shape parame-
ter of slow flow and recession parameter 8, influenced by
aquifer geometry, contrasts with the negative correlation be-
tween the shape parameter of fast flow and the parameter
y, associated with the seasonality of catchment wetness and
evapotranspiration. Spatial variation analysis using descrip-
tors like latitude, longitude, and catchment area unveils sig-
nificant correlations, offering insights into the influence of
geographical factors on FDC shapes. The correlation of fast-
flow shape parameters with catchment area suggests reduced
variability in larger catchments, whereas the negative corre-
lation of slow-flow shape parameters with latitude indicates
increased variability in the northern part of the region. The
examination of zero-flow probabilities controlled by the pa-
rameter « reveals noteworthy trends: larger catchments ex-
hibit lower zero-flow probabilities, and the negative corre-
lation of « with longitude highlights the spatial influence
along the west—east direction. Finally, the study explores the
midsection slope of the FDC, connecting it to average flow
regimes controlled by both surface and subsurface processes.
Associations with recession analysis parameters underline
the integrated influence of aquifer geometry and land surface
processes on streamflow variability across Peninsular India.

In summary, the methodology employed in this study of-
fers a systematic and insightful approach to unravelling the
complexities of streamflow variability across Peninsular In-
dia. This study not only enhances our understanding of the
relative contributions and shapes of FDCs but also sheds light
on the intricate interplay of geological, spatial, and hydrolog-
ical factors influencing streamflow variability in this region.

We acknowledge, however, that streamflow variability in
Peninsular India has recently been significantly impacted by
anthropogenic activities, including significant land use and
land cover changes as well as other human interferences such
as the building of dams and the extraction of water from
both rivers and groundwater aquifers for human use. The
present study has not explored the effects of human impacts:
their impacts on both temporal (inter-decadal) and spatial (re-
gional) variations in the FDCs is left for future work. Further
work is also needed to understand in more detail the causes
and the relative contributions of regional precipitation pat-
terns and geological formations on streamflow partitioning.

On the methodological front, there is the opportunity to
refine the analysis used here to incorporate the statistical
cross-correlation between fast and slow flows in the recon-
struction of the FDC for total streamflow, by adopting gen-
eralized approaches (e.g. copulas). In the exploration of the
relative contributions of the monsoons, there is scope to ex-
tend the analysis framework to partition the streamflow vari-
ability guided by the actual breakdown into the seasons each
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year in a more flexible way, as opposed to a static way. This
is likely to make the results of the analysis more robust and
less uncertain. Finally, in the process domain, the filter-based
separation of total streamflow into fast and slow flow can be
variably impacted by catchment size, introducing some un-
certainty into the partitioning of the FDC of total streamflow
into its fast-flow and slow-flow components. Future work in
this area should explore ways to overcome these methodolog-
ical shortcomings.
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