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management. Runoff response to precipitation can vary significantly, depending on the dynamics of hillslope water storage

and release, and on the transmission of hydrological signals through the channel network. Here, we use Ensemble Rainfall— |

climates. ERRA quantifies the increase in lagged streamflow attributable to each unit of additional precipitation, while “‘

accounting for nonlinearities in catchment behavior. Peak runoff response, as quantified by ERRA across Iran, is higher in
more humid climates, in steeper and smaller catchments, and in catchments with shallower water tables. The direction and
approximate magnitude of these effects persist after correlations among the drivers (e.g., deeper water tables are more common
in more arid regions) are accounted for. These findings highlight the importance of catchment attributes in shaping runoff
behavior, particularly in arid and semi-arid regions, where climatic variability and groundwater dynamics are crucial factors

in sustainable water resource management and effective flood risk mitigation.
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catchment properties (Zillgens et al., 2007). Investigating catchment hydrological responses to precipitation events can provide 8

insights into the governing factors that control streamflow generation (von Freyberg et al., 2018).

Topography plays a significant role in rainfall-runoff responses (Beven and Kirkby, 1979; Hernandez et al., 2003; Zevenbergen

and Thorne, 1987; Inaoka et al., 2020), with larger catchment areas often experiencing overland flow once the land becomes
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saturated, leading to a substantial increase in runoff (Inaoka et al., 2020). Although gravity influences flow along topographic

and hydrological gradients, it is difficult to fully characterize dynamic runoff-generation processes using just topographic

The relationship between precipitation and potential evapotranspiration, as quantified by the aridity index (FAO and UNESCO,
1977), is another critical factor influencing runoff behavior. Previous studies have shown that runoff response correlates with

the climatic aridity index (Saft et al., 2016; Barrientos et al., 2023; Matan¢ et al., 2024). Fhe-relation-betweenAridity's effects

these climatic factors reduce catchments’ water storage (such as soil moisture and groundwater), making the landscape less

responsive to subsequent precipitation. Additionally, vegetation cover and root zone dynamics may play a role in modulating

runoff generation by altering infiltration rates and the distribution of soil moisture (Gao et al., 2024). A

water-groundwater connection and deep soil layers, highlighting the relationship between changes in rainfall-runoff behavior

and catchment characteristics during dry periods (Matano et al., 2024).,

role in maintaining streamflow during dry periods, a declining water table can lead to reduced groundwater discharge into

rivers (Jasechko et al., 2021). As a result, surface runoff may become more erratic, and the-respense-to-rainfall-events-may

intensify-more sensitive to climate variations, emphasizing the need to consider both groundwater dynamics and climate

/

_as identified by/ ./ | Red, English (United States)

N States)
A

~ | Red, English (United States)

/| States)

Formatted: Font: Times New Roman, English (United

Formatted: Font: Times New Roman, Underline color:
/| Red, English (United States)

/1 Formatted: Font: Times New Roman, Underline color:
/| Red, English (United States)

, Formatted: Font: Times New Roman, Underline color:

Formatted: Font: Times New Roman, Underline color:
Red, English (United States)

Formatted: Font: Times New Roman, Underline color:
Red, English (United States)

Formatted: Font: Times New Roman, Underline color:
Red, English (United States)

Formatted: Font: Times New Roman, Underline color:
/| Red, English (United States)

Formatted: Font: Times New Roman, English (United
States)

Formatted: Font: Times New Roman, Underline color:
Custom Color(RGB(34,34,34)), Font color: Black, English
(United States)

Formatted: Font: Times New Roman, English (United

Formatted: Font: Times New Roman, English (United
States)

Formatted: Font: Times New Roman, Underline color:

Formatted: Font: Times New Roman, English (United
States)

. | Formatted: Font: Times New Roman, English (United
\ | States)

\ | Formatted: Font: Times New Roman, English (United
v\ | States)

change in managing streamflow variability (Botter etal.,2013), \ { Formatted [12]
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Here we investigate the runoff response of catchments across Iran, using Ensemble Rainfall-Runoff Analysis (ERRA: { Formatted [13]

Kirchner, 2024). ERRA is based on recently developed methods for estimating impulse response functions in nonlinear,
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nonstationary, and heterogeneous systems (Kirchner, 2022). It is a data-driven, nonparametric, and model-independent

approach for quantifying rainfall-runoff relationships across various time lags.

Although considerable progress has been made in elucidating the factors that influence runoff response, a comprehensive
understanding of how topographic, climatic, and hydrological variables interact to shape runoff response remains elusive.

WhileWhile several studies (e.g., Merz et al., 2006 Norbiato et al., 2009; Tarasova et al., 2018; Zheng et al., 2023) have

explored the controls of variable runoff response in temperate climates, such investigations are notably absent in arid

individual drivers, the interactions between them and their combined impact on runoff response are still not fully understood.
Specifically, our analysis addresses the following questions: (1) How do topographic, climatic, and groundwater variables,
and their interactions, influence runoff response in catchments, and (2) How do variations in groundwater depth influence

runoff response when accounting for other relevant factors such as slope, or catchment size?

In this study, we apply ERRA to analyze how runoff response is influenced by several interacting factors—including

with 35.5% of its land classified as hyper-arid, 29.2% as arid, and 20.1% as semi-arid. A further 5% of the country has a
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Mediterranean climate, while the remaining areas, located near the Caspian Sea where rainfall is more abundant, are classified

as humid or hyper-humid (Ashraf et al., 2021). The average annual precipitation across Iran is about 240 mm; however, in the ,/ Vi ;:)artr::)tted: Font: Times New Roman, English (United
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northern provinces near the Caspian Sea, rainfall can exceed 1,800 mm annually (World Bank, n.d.). In contrast, the central 1/ [ Formatted: Font: Times New Roman, English (United
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resolution, Pour point snapping was gsedapplied, to match gauge locations to the extracted drainage rRetweorknetworks, For
394 gages,—we—could-notfind—agauges, the DEM catchment extraction failed, resulting in ng reasonable catchment
andboundaries. Consequently, these gauges were diseardedexcluded, from our analysis, resulting in 1,155 sub-catchments

with corresponding gauges and streamflow. Next, daily rainfall timeseries for each catchment ;were extracted from CHELSA’s

(Karger et al., 2017) global precipitation downscaling reanalysis—and-catchments. Catchments with unreasonable Q/P ratios

(i.e., Q/P>>0.8);) were discarded from our analysis: to exclude those with potentially erroneous or unrepresentative discharge

observations, In order to minimize the impact of dams, we also excluded catchments wherewith large, dams-were, visible on

Google Earth or where dam effects were evident in the hydrographs. Among the analyzed catchments, 47% exhibit no overlap

with others, while only 27% overlap with other catchments by more than 20% of their drainage area,

Formatted

. [17]

(IWRMC, 2018), We calculated the temporal mean groundwater depth for each time series, then averaged these values to

obtain the-spatialg mean depth to groundwater for each catchment. In total we have-244found 189, catchments with rainfall-

runoff data and-cerrespendingas well ag groundwater levelslevel measurements, We eategerizedsplit , the average
groundwater depth to the water table into three distinct elassificationscategories; the shallowest 25% of these catchments

were classified as "shallow groundwater" with depth ranging from 1 to 14 m (blue points in Fig. 1a), the deepest 25% were

classified as "deep groundwater" with depth ranging between 27 and 92m (red points in Fig. 1a), and the remaining 50% were

classified as "intermediate groundwater" (whitewith depth in the range of 14-27 m (yellow, points in Fig. 1a).

The aridity index (AI=P/PET) is widely used as a proxy to compare climatic aridity across space and time (Arora, 2002;  _ - 4 Formatted

.. [18]

Nastos et al., 2013; Greve et al., 2019; Zomer et al., 2022; Barrientos et al., 2023). a-this-studyTo ensure consistency with
our precipitation dataset, we used-the-aridity-index{Al=P/PET) as-an-indicatorforclimatic-conditions—The-calculated
jnean Al valuevalues for each catchment is—ealeulated—fromusing CHELSA’s precipitation (P) and potential
evapotranspiration (PET) time series (Karger et al., 2017). First, we computed annual means for P and PET over the period
2000-2018. Next, we obtained the Global-Aridity- thdex-Database-(Trabucco-and-Zomer,2018).ratio AI=P/PET. Finall

we extracted the spatial mean for each catchment, Since Al is the ratio of precipitation to potential evapotranspiration, higher

Al values indicate greater humidity,

.. [19]
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Catchment-averaged topographic slope ir-this-study was calculated from the 90-meter-resolution Shuttle Radar Topography Formatted
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measure the incremental increase in streamflow, per unit of precipitation input, over a range of lag times. With ERRA, we first

estimated each catchment's nonlinear response functions (NRFs)+relating-daily). which use piecewise linear broken-stick

the highest and lowest precipitation values, with the constraint that each broken-stick interval contained at least 20 nonzero
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and calculated the peak heights of these RRDs for all catchments. Figure 2 shows precipitation and streamflow time series for \'\\ ‘\\\,«\‘ !

\ . LT :
three example catchments with shallow groundwater levels and three catchments with deep groundwater levels. The \:i‘ | | Formatted: None, Font: Times New Roman, English

\’n

corresponding RRDs for lags up to 10 days are shown in Fig. 3.

measures of monotonic relationships between RRD peak height and the four climatic, hydrologic and topographic drivers (Fig.
4). We also accounted for the confounding effects of correlations among the different drivers using partial regression leverage
plots (Fig. 5). These leverage plots measure how much the RRD peak height would change, per unit change in each of the
drivers, if the other drivers were held constant; they also facilitate the identification of individual points that disproportionately
affect the results (Cook and Weisberg, 1982; Hoaglin and Welsch, 1978; St. Laurent and Cook, 1992; Wei et al., 1998; Wright
etal., 2019).
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The impulse response of rainfall to runoff can be summarized using weighted-average RRDs calculated from ERRA (Fig. 3).« _ { Formatted: None, English (United States)

Runoff response distributions express how the runoff response to one unit of precipitation is distributed over time. At our > \\ \{ Formatted: Body A
N

{ Formatted: None, English (United States)

declines, lasting about 2-3 days. The results indicate that RRD peak heights are generally higher in catchments with shallow o ‘{ Formatted: None, English (United States)

groundwater compared to those with deep groundwater, as illustrated in Fig. 2, which shows example comparisons between

e A ) L )

rainfall-runoff time series for three catchments with shallow groundwater and three with deep groundwater. - { Formatted: None, English (United States)
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Our results show that catchments with shallower groundwater, particularly in western and northern Iran, tend to have higher

average ranoffRRD, peak heights. Shallow groundwater is common in Caspian Sea catchments, where many of Iran's _ - { Formatted: None, English (United States)

permanent rivers are located, and in western regions, where high precipitation keeps groundwater close to the surface, aiding
runoff. In contrast, more arid areas have deeper groundwater that is less connected to the surface, with infiltration to

groundwater being limited by evaporative demand.
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example time series reflect climatic differences across Iran; at the relatively humid Caspian Sea coast (site 14-017), precipitation

are strongly seasonal, with long dry periods in summer, and at the Central Plateau catchment (site 44-015), precipitation is highly
episodic, yielding infrequent and brief runoff events. Catchments with deeper groundwater tend to have lower and more episodic
stream flows (compare sites 21-888 and 21-211, for example). Many catchments with deeper (and declining) groundwater (e.g., 21-

888 and 43-105) exhibit visually obvious decreases in streamflow, but some others (e.g., 44-115) do not._Time series for the same
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Differences in runoff behavior between areas with shallow and deep groundwater can also be attributed to subsurface flow
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