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Abstract

Annual water balance calculations may elide intra-annual variability in runoff genera-

tion, which could limit understanding of the similarities and differences between

water- and energy-limited catchments. This may be especially important in compari-

sons between catchments close to the threshold between water- and energy-limita-

tion. For this study, we examined runoff generation as a function of catchment

storage in four watersheds, with focus on two that exist close to these thresholds, to

identify how year-to-year variability in storage that results in intra-annual variations

of runoff generation efficiency. Specifically, we focused on one energy-limited catch-

ment in the humid subtropics and one water-limited catchment in a Mediterranean

climate. We used measured and calculated daily water balance components to calcu-

late variations in the relative magnitude of daily storage. We isolated precipitation

events to draw connections between storage and runoff generation at intra-annual

scales and compared our findings to the same metrics in two intensely energy-limited

landscapes. We observed distinct stages in daily storage across water years in water-

sheds at the threshold, where systems experienced wet-up, plateau, and dry-down

stages. During the wet-up, precipitation was partitioned to storage and runoff ratios

(RR) were low. In the plateau, storage was filled and precipitation was partitioned to

runoff, causing high RRs. During the dry-down, storage decreased as precipitation

was partitioned to evapotranspiration and runoff, causing low RRs. The critical role of

evapotranspiration during the growing season resulted in relatively higher RRs during

the wet-up than during the dry-down for a given storage value. Thus, the same stor-

age amount was partitioned to evapotranspiration or runoff differently throughout

the year, depending on the storage stage. Despite their different positions on oppo-

site sides of the threshold, the similarity between the two focus catchments suggests

a potential characteristic behaviour of systems at the threshold common to both

humid and semi-arid landscapes.

1 | INTRODUCTION

Precipitation partitioning between storage (S) and discharge (Q) is

non-linear, dynamic and challenging to predict. The response charac-

teristics of Q (i.e., runoff ratios [RR], magnitudes, recession rates)

remain notoriously challenging to predict (Spence, 2010; Davies &

Beven, 2015). Even in the same catchment, varying Q responses to

precipitation have been observed to depend on season or antecedent

wetness conditions (Tromp-van Meerveld & McDonnell, 2006). The

mechanisms mediating Q generation are often based on threshold-
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controlled processes, produced by variability in S capacity at the hill-

slope or catchment scale (Detty & McGuire, 2010), and are still incom-

pletely understood.

Previous studies have focused on the hysteretic behaviour of S-Q

relationships to describe catchment response to precipitation (P)

events (e.g., [Davies & Beven, 2015; Hailegeorgis et al., 2016]). For

example, characteristic curves of S-Q relationships have been used to

describe periods of ‘storing’ (i.e., when dominant P partitioning pro-

cesses cause the S increase to be much higher than the Q increase)

and ‘contributing’ (i.e., when P is preferentially partitioned to

Q instead of S) in an arid watershed in the sub-arctic Canadian shield

(Spence et al., 2010). However, the dynamics of S at intra-annual time

scales (e.g., aggregated precipitation events or monthly aggregates)

remain poorly understood in many hydroclimates. As climate is often

observed to serve as a first-order control on Q generation, (Spence

et al., 2010) suggested that more catchment comparison work across

different hydroclimates is needed to identify generalizable character-

istics of S-Q relationships.

The hydroclimate of a watershed refers to the influence of cli-

mate on dominant hydrological and ecohydrological processes, and it

can be described as the balance between water demand and supply.

Commonly, P is used to describe water inputs and evapotranspiration

(ET) to describe energy inputs. Energy-limited systems are character-

ized as systems where actual ET (AET) is approximately equal to

potential ET (PET) because there is sufficient water supply to meet the

PET demands. Water-limited systems are characterized as systems

where AET is limited by water availability, so PET is not met. Event

P partitioning across the spectrum of water-limited and energy-limited

systems displays marked differences (Garcia & Tague, 2015; Jones

et al., 2012). In wet, energy-limited systems, S may never go below

threshold values needed for Q generation, and thus P can be consis-

tently and preferentially partitioned directly to Q. Contrastingly, S is

more likely to change in drier, water-limited systems during wet and

dry periods. Therefore, in water-limited systems, it might be more evi-

dent that P's partitioning to Q might vary as a function of the S level

of the system.

The water balance of a watershed, which describes differences

in the water input, output, and S components, can be helpful for

detangling hydroclimatic classifications. Water balance calculations

are typically applied at time scales long enough (>1 year) that resid-

ual (S) can be assumed to be negligible. This helps facilitate catch-

ment classification in terms of long-term hydroclimatic averages

(e.g., in a Budyko, 1974 space for water- and energy-limited catch-

ments) or to estimate one of its unknown components (often evapo-

transpiration, ET) from the other measured components

(Rouholahnejad Freund & Kirchner, 2017). The wetness index, used

in the Budyko (1974) space, which is described as the ratio of

P relative to PET (Wagener et al., 2007), is a relatively simple method

to visualize the hydroclimatic spectrum. However, differences or

similarities regarding the mechanisms driving P partitioning to S or

Q and the S � Q relationships at intra-annual scales across water-

sheds on the hydroclimate spectrum are primarily unknown (Reaver

et al., 2022).

Overarching hydroclimatic conditions might be a primary driver of

event P partitioning characteristics, but interannual variability in total

P may also play a critical role. Year-to-year variability in P may cause

deviations of P partitioning from expected hydroclimatic behaviour.

For example, (Nippgen et al., 2016) showed that P partitioning in a

series of humid catchments in the Coweeta Hydrologic Laboratory in

the southeastern United States varied between water-limited and

energy-limited during dry and wet years, respectively. They also found

that the annual P from the previous year was as significant as the cur-

rent year's annual P for explaining the annual RR.

The intra-annual variability in P partitioning may not explain the

differentiation between water- and energy-limited catchments, espe-

cially in catchments where the long-term hydroclimate characterizes

them near the threshold between water- and energy-limitation (P/

PET = 1). To address this knowledge gap, we used measured and cal-

culated daily parameters of the water budget in energy-limited and

water-limited catchments to identify event, monthly, and seasonal

P partitioning behaviour. Notably, we sought to identify outlier events

for which energy-limited watersheds behave like water-limited, or in

which water-limited watersheds behave like energy-limited. Through

this, we provide hypotheses for dominant and potentially universal

controls on hydrologic partitioning through the lens of characteristic

storage states. The present study extends over multiple water years

and across four study catchments that span part of the hydroclimatic

spectrum to understand differences and similarities in storage-driven

hydrologic partitioning. Two catchments, one in the southeastern

United States' humid subtropics (Calhoun Critical Zone Observatory

[CZO]) and one in the semi-arid central coastal California (Tilden), fall

on different sides of the water�/energy-limitation threshold, but

experience year-to-year precipitation variability that causes these

catchments to periodically switch between water- or energy-limited

on an annual time scale. We compared results from these two catch-

ments with two wetter, energy-limited catchments that do not switch

designations, one maritime (Lower Hafren) and one tropical (Luquillo

CZO). We used relative catchment storage to infer how other water

balance parameters may control changes in Q processes at intra-

annual timescales. Relative storage is an integrative variable of the

water balance that incorporates current and antecedent hydrologic

conditions. We chose this water balance-based approach to maximize

comparability across catchments while also allowing us to identify

opportunities for a more spatially distributed study.

2 | METHODS

2.1 | Research catchments

We primarily focused this study on two catchments located in humid

and semi-arid climates. We compared the P partitioning from these

catchments with two ancillary catchments from a maritime and a trop-

ical climate, respectively.

The study system at Calhoun CZO is a 0.069 km2 headwater

catchment located in South Carolina, United States (U.S.; Figure 1).

2 of 17 GRANDE ET AL.

 10991085, 2022, 10, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/hyp.14697 by D

uke U
niversity L

ibraries, W
iley O

nline L
ibrary on [16/12/2022]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



This area is part of the humid subtropical region of the Lower East

Coast of the U.S. and is characterized by hot, humid summers and mild

winters. Calhoun is located in an energy-limited hydroclimate, albeit

near the threshold between water- and energy-limited conditions

(Wlostowski et al., 2021). The catchment receives an average of

1200 ± 617 mm of P annually (1950–2015), evenly distributed across

the year (�100 mm per month; Mallard, 2020). The mean annual ET is

800 ± 23.4 mm and the mean annual temperature is 16.3 ± 3.2�C

(Mallard, 2020). The catchment has a total relief of 50 m, with eleva-

tions ranging from 124 to 173 m, and a median slope of 19% with a

standard deviation of 13%. Soils are primarily Ultisols of the Appling,

Cecil, and Madison soil series. These soils can be generally described

as loamy sands overlying clay-rich argillic horizons, underlain by

deeply weathered saprolite material (Richter et al., 2000). Soil depths

generally increase moving away from the stream channel in Calhoun.

Specifically, soil depths range from <1 m in or adjacent to stream

channels to 4 m on narrow ridge tops to >9 m at Calhoun's upper

divide, where it connects to a broader interfluve. The underlying geol-

ogy is primarily granitic gneiss, the most common bedrock in the

region. This headwater catchment is primarily forested in mixed hard-

woods (e.g., Carya spp. and Quercus spp.) with minimal pine stands

(Pinus spp.). Calhoun contains a non-perennial stream network that

dries completely in the summer through early fall and flows primarily

in late winter and early spring.

The Tilden watershed is a 3.4 km2 headwater in Berkeley, Califor-

nia, U.S. (Figure 1) and is characterized by a Mediterranean water-

limited hydroclimate, although near the threshold of water-energy

limitation and can be energy-limited during extremely wet years. This

system annually receives 930 ± 332 mm of P (2004–2018), with 80%

of P occurring over the winter and spring months, a mean annual ET

of 1030 ± 30 mm, and a mean annual temperature of 14.5 ± 7.6�C

(Grande et al., 2020). Tilden has a total relief of 300 m, with elevations

ranging from 282 to 580 m and a median slope of 16% with a stan-

dard deviation of 8.5%. The headwater is characterized by well-

drained clay-loams and loam soils, formed in material weathered from

mafic igneous rocks, varying in thickness from 0.3 to 1 m (Contra

Costa Soil Survey, 1981). The area is underlain by a syncline, whose

axis delineates the stream's course (Graymer, 2000) and likely controls

the direction of groundwater flow (Grande et al., 2019). The Moraga

Formation (Basalts from the Pliocene), which underlies the alluvium

over much of the catchment, is of particular importance as a potential

reservoir of groundwater. With a thickness of 10–25 m, it is consid-

ered one of the most important units for conducting groundwater

flow in the study area (Zhou et al., 2003). Mixed forest covers approx-

imately 48% of the watershed, evergreen forest covers 21%, shrubs

and grasslands cover 20%, and the remaining 11% is covered by

developed areas, including a golf course. A peculiarity of this catch-

ment is the presence of a periodically irrigated golf course, which is an

additional source of water considered in the water balance, albeit a

minor one (Grande et al., 2020). A perennial stream drains the

watershed.

Lower Hafren is a 3.5 km2 experimental catchment in Wales, UK

(Figure 1), where hydroclimatic data has been collected for decades.

Lower Hafren is located in the cool-humid Cambrian Mountains. The

catchment is energy-limited and receives a mean annual P of 2952

± 426 mm (1993–2008), with a mean annual ET of 591 ± 56 mm and

a mean annual temperature of 9.7 ± 8.3�C. Lower Hafren has a total

relief of 310 m, with elevations varying from 670 to 360 m, with a

median slope of 12% and a standard deviation of 15%. Stagno-

podzols predominantly characterize Lower Hafren, but acidic peat,

acid brown earth, and stagnogleys occur. Lower Palaeozoic slate,

mudstone, greywacke, and sandstones compose the underlying geol-

ogy (Harman, 2015). Lower Hafren is dominated by coniferous planta-

tions (Sitka Spruce dominant). A perennial stream drains the

watershed.

Luquillo is a 17.8 km2 watershed part of the Luquillo CZO in

Puerto Rico (Figure 1), where hydroclimatic data has been collected

for decades. Luquillo is located in a tropical rainforest climate. This

F IGURE 1 Global map with the
location of each study catchment
starred. The hydroclimate classification
is shown in colour (Peel et al., 2007).
The climates legend only shows the
four relevant climates for this study.
Subset maps depict topography and
catchment boundaries. Note the
differences in scale between the

catchments
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watershed is energy-limited and receives a mean annual P of 3132

± 1093 mm (Silver & Leon, 2019), the mean annual temperature is

24.2 ± 4.1�C, and the mean annual ET is 1305 ± 243 mm

(Zimmerman, 2018). The catchment has a total relief of 760 m, with

elevations varying from 4740 to 5500 m and a median slope of 28%

with a standard deviation of 12%. Inceptisols and oxisols dominate

the area, varying in thickness from 1 to 9 m, underlined by Cretaceous

volcaniclastics (Buss et al., 2013). Luquillo is predominantly covered

by Tabonuco, Palm, and Colorado forests. A perennial stream drains

the Luquillo watershed.

Because all the watersheds used in this study are located in the

northern hemisphere, hereafter, we use seasons for the northern

hemisphere. Spring extends from March to May, Summer from June

to August, Fall from September to November, and Winter from

December to February. Further, the water year is considered to span

from 1st October to 30th September, to encompass the rainy season

for regions with strong seasonality in precipitation.

2.2 | Data description

We employed daily data collected by the authors from Calhoun and

Tilden and publicly available hydroclimatic data from Lower Hafren

and Luquillo. Data from Calhoun are limited to the 2015 water year

(total P in the 35th percentile) and the 2016 water year (total P in the

79th percentile) and at Tilden to the 2017 water year (total P in the

100th percentile, the wettest year in the available record) and the

2018 water year (total P in the 40th percentile). Thus, we chose data

from Lower Hafren (1992 water year and 2007 water year in the 40th

and 92nd percentile, respectively) and Luquillo (2008 water year and

2010 water year in the 44th and 94th percentile, respectively) to cap-

ture similar precipitation percentiles across all four study catchments.

Herein, we use ‘Normal’ and ‘Wet’ water years to refer to the water

years in each catchment's lower and higher P percentile, respectively

(Table 1).

The data from Calhoun were collected and maintained as

described in (Mallard, 2020). Briefly, P was measured at the site with a

tipping bucket rain gauge at a 0.1 mm/tip resolution. Q was calculated

using stage measurements with redundant capacitance rods

(TruTrack, ±1 mm) at five-minute intervals installed in the pool of a

90� v-notch weir built at the catchment outlet and was summed to

daily. PET was determined from the Thornthwaite equation

(Thornthwaite, 1948) using temperature data from the site as it has

been shown that this method yields good estimates of AET for this

site (Wlostowski et al., 2021). Further, we assumed that in energy-

limited watersheds (e.g., Calhoun, Lower Hafren, and Luquillo), AET ffi
PET. We assumed that the monthly ET values obtained from the

Thornthwaite equation were uniformly distributed within each day of

the month to convert to daily ET.

Tilden's data was published in Grande et al. (2020). Briefly,

P records were obtained from the open-access California Data

Exchange Center (California Data Exchange Center–Query Tools,

[CalETa, 2019]) operated by the California Department of Water

Resources, which has an extensive hydrologic data collection network

that includes P, with one station within the studied catchment. P was

measured with a tipping bucket rain gauge, and data have been avail-

able for this location since February 2004. A particularity of this

catchment is the presence of a periodically irrigated golf course

(Grande et al., 2019, 2020). Because irrigation water is only applied in

a small area of the watershed, and because this water is a small frac-

tion compared to P (less than 3% over the 2-year period studied here),

we combined the depth of irrigation water with P and considered

them as a single component in the water budget. The stream stage

was measured at an interval of 20 minutes with a pressure transducer

(in-situ aqua troll multi-parameter meter Denver, Colorado, US),

deployed in the same location since 2015 and maintained by the East

Bay Regional Park District (EBRPD). Q was calculated from stage using

a rating curve constructed by EBRPD staff. A correction factor was

applied to flagged measurements of Q, as described in (Grande

et al., 2020). ET data were provided by Formation Environmental LLC

(CalETa), which developed, with support from the California Depart-

ment of Water Resources, a data set for mapping daily AET through

satellite observations (Paul et al., 2017).

The data used from Lower Hafren was previously used by

(Harman, 2015), and over three decades of daily hydroclimatic data

are available. P was measured at two weather stations within the

watershed boundary and then averaged to obtain a single mean daily

value. Q was calculated from stage measured in 90� v-notch weir

installed at the watershed's outlet. PET was calculated from hourly

automatic weather stations using the FAO Penman-Monteith

TABLE 1 Summary of annual water budget components by water year for each study catchment. RR is runoff ratio

Catchment WY WY type P (mm) P percentile ET (mm) Q (mm) RR ET/P

Lower Hafren 2007 Wet 3228 92nd 656 2659 0.82 0.20

Lower Hafren 1992 Normal 2651 40th 554 2001 0.75 0.20

Luquillo 2010 Wet 5331 94th 1311 3858 0.72 0.25

Luquillo 2008 Normal 3678 44th 1216 2825 0.77 0.33

Calhoun 2015 Normal 1159 35th 782 198 0.17 0.67

Calhoun 2016 Wet 1410 79th 775 554 0.39 0.55

Tilden 2017 Wet 2353 100th 1049 1054 0.45 0.45

Tilden 2018 Normal 994 40th 1005 310 0.31 1.01

4 of 17 GRANDE ET AL.
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equation (Allen et al., 1998). Further, Harman (2015) fitted a parame-

ter kE (1.63) to scale ET rates according to ET = kEPET and calibrated

the long-term record to obtain AET (Kirchner, 2009). Hydroclimatic

data from Luquillo is available through the Luquillo CZO database.

P and Q datasets are available from Silver and Leon (2019), collected

from stations managed by the U.S. Geological Survey and the

U.S. Forest Service, and meteorological data are available from Zim-

merman (2018). For Luquillo, we calculated PET from the

Thornthwaite equation (Thornthwaite, 1948) using temperature data

from Zimmerman (2018).

2.3 | Data analysis

2.3.1 | Catchment storage

Catchment storage was defined as an aggregated metric, combining

various reservoirs (e.g., soil, regolith, bedrock). The daily catchment

water budget was evaluated as:

ΔS¼P–Q– ET, ð1Þ

where ΔS is daily change in catchment S (mm/d), P is daily precipita-

tion (mm/d), Q is daily runoff (mm/d), and ET is daily evapotranspira-

tion (mm/d). Relative storage (mm) for each day (t) was estimated as:

S¼
ðt
t0

P�Q�ETð Þdt: ð2Þ

Relative S was calculated from the water fluxes described in the

above sections for two water years at each study site, and Normal

water year and a wet water year (Table 1). In Equation (2), t0 is the

first day of the water year (1st October), and S0 = 0 at t0. In the two

watersheds at the threshold of water-energy limitation, October 1st

corresponds to the driest part of the year. Thus, we assumed that

S was at a minimum at the start of the water year. We conceptualized

S as a lumped metric, aggregating numerous reservoirs (e.g., soils, allu-

vial deposits and regolith). We calculated antecedent S as the value of

S on the first day of a P event. Further, we examined the relative

water balance for individual P events (Section 2.3.2), and relative

S (mm/d) was recalculated for each event, starting at a relative value

of zero (S0 = 0).

2.3.2 | Precipitation event delineation and
characterization

Hydrologic partitioning studies are often conducted over individual

precipitation events. However, delineating precipitation events is not

consistent throughout the scientific literature. Precipitation events

may refer to specific periods during which P falls in a catchment. For

example, (Singh et al., 2018) classified precipitation events as periods

with at least 30 min of rainfall with total rainfall greater than 20 mm,

and events were separated by at least 3 h with no rainfall. (Rinderer

et al., 2016) defined precipitation events based on a P threshold of

5 mm, the average P for days when rainfall occurred, and events were

separated by at least 2 h without measured P.

Rainfall events have also been delineated from the hydrograph

times series. Some studies have used a threshold value of Q (Rose &

Peters, 2001), a percentage threshold in response to groundwater

height change (Meerveld et al., 2015), and baseflow separation to

delineate events (Blume et al., 2007; Merz et al., 2006). (Detty &

McGuire, 2010) used an inclusive approach where they defined

events as the interval from the start of P to the end of quickflow,

defined as the portion of the hydrograph composed of stormflow con-

tributions from rapid surface runoff or interflow. (McCarter

et al., 2020) used a similar approach where they selected precipitation

events from the onset of P to the time when Q had receded to near or

pre-event conditions, and changes in Q were <0.1 mm/day for two

consecutive days. Lastly, studies such as that of (McGlynn &

McDonnell, 2003a, 2003b) zoomed in on a single or a few events with

no rigorous definition stated.

Here, we defined precipitation events from the onset of

P ≥ 1 mm/day to when Q had receded to 120% of pre-event condi-

tions or when another event started (marked by a positive slope in the

hydrograph) before Q receded back to the 120% threshold. Consider-

ing that the precipitation regimes vary across the studied catchments,

and since our approach requires us to extract periods across the entire

water year for comparison, we used this inclusive approach of using

both P and Q to delineate precipitation events. We identified

301 events across the study period, with 89, 54, 84, and 74 events

from Calhoun, Tilden, Luquillo, and Lower Hafren, respectively

(shaded regions in Figure 2).

We calculated the RR by dividing event flow by total rainfall. We

calculated event-flow using a baseflow separation algorithm based on

recession analysis (Sujono et al., 2004) in the EcoHydRology R pack-

age (Fuka et al., 2018). Due to their simplicity, hydrograph recessions

are widely used in watershed hydrology (Smakhtin, 2001). This meth-

odology has been successfully used on daily streamflow time series

(Choi et al., 2022; Kottegoda et al., 2000; Santos et al., 2018), and

thus it was preferred in our analysis. For analyses comparing precipita-

tion events of different lengths and across different sites, we normal-

ized total event P (Q or ET) by the length of the event, hereafter

referred to as normalized event values.

3 | RESULTS

3.1 | Annual hydrologic budget

The normal water year at Calhoun totalled 1159 mm of P, represent-

ing �41 mm less than the mean annual P (Figure 2). ET and

Q removed 782 and 198 mm during the normal water year, respec-

tively. The annual RR during the Normal water year was 0.17 and ET/

P was 0.67 (Table 1). The wet water year began with Hurricane Joa-

quin in late September 2015 (NOAA, 2015), bringing approximately

GRANDE ET AL. 5 of 17
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300 mm of rainfall over 1 week, representing 20% of the total P in the

water year (1410 mm, Figure 2). This resulted in a “wetter” water year

with a higher Q of 554 mm and a corresponding higher RR than the

normal water year (0.39). In contrast, ET was 775 mm, only 7 mm

lower than the previous, somewhat drier water year. During the wet

water year, ET/P was 0.55.

The normal water year at Tilden received 994 mm of P, 64 mm

higher than the mean annual value for the catchment. Annual ET for

the normal water year was 1005 mm, annual Q was 310 mm, the

annual RR was 0.31, and ET/P was 1.01 (Table 1). The wet water year

at Tilden was one of the wettest water year on record, with a total

P of 2353 mm, doubling the 14-year annual average for the area

(Figure 2). ET removed 782 mm of water from the catchment during

this period, the annual RR was 0.45, and ET/P was 0.45. Q was three

times higher in the wet water years than in the normal water years.

Moreover, we found a shift between water-limited in the normal

water year and energy-limited in the wet water year at Tilden

(Table 1).

Lower Hafren is characterized by a relatively high annual RR

(�0.8), with ET removing 605 ± 72 mm (�20% of P) for the two

water years. Similarly, Luquillo is characterized by a relatively high

RR of �0.75 for the two studied water years, and ET was responsible

for removing 1264 ± 67 mm (�25% of the P) over the studied

period.

Catchments across the hydroclimatic spectrum studied here show

that P is spatiotemporally variable, ranging from 994 mm/y in the nor-

mal water year at Tilden to 3228 mm/y in the wet water year at

Luquillo. However, water outputs, particularly ET, are not as highly

variable, ranging between 591 mm/year during the normal water year

at Lower Hafren and 1311 mm/year in the wet water year at Luquillo.

This discrepancy between the variability in water and energy inputs is

reflected in the runoff variability, where catchments that receive more

P have more extensive Q (e.g., Lower Hafren, Luquillo). Furthermore,

ET/P is highly variable across sites, ranging from 0.2 at Lower Hafren

to 1.01 at Tilden (Table 1), driven by P variability (Figure 2).

Although P is only 250 mm higher (�1.2 times higher) in the wet

water year at Calhoun than in the normal water year (1410 mm and

1159 mm, respectively), Q is 2.8 times higher. This indicates that the

somewhat slight increase in P caused a substantial increase in Q. At

Tilden, Q was 3.4 times higher in the wet water year than in the nor-

mal water year, but annual P was 2.3 times higher, suggesting that a

significantly higher P is needed to achieve higher RRs at Tilden

(Table 1). The catchments on the far end of the energy-limited spec-

trum (i.e., Luquillo and Lower Hafren) displayed somewhat negligible

differences in the water budget components from year to year.

There is considerable contrast in P event frequency between Til-

den and the other three catchments. While P was somewhat equally

distributed over the water year at the other sites, P was restricted to

F IGURE 2 Cumulative daily values
of precipitation (P; blue line),
evapotranspiration (ET; green), runoff
(Q; teal), and relative storage (S; red)
over two full water years for the four
study catchments. The shaded regions
mark each of the 301 precipitation
events analysed in this study
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late fall and early spring at Tilden, with 94 ± 6% of P occurring

between October and April. On the other hand, ET is seasonal in all

catchments, with a marked increase in April or May. The ET seasonal-

ity is somewhat less pronounced in Luquillo, where high temperatures

year-round and dense vegetation remove water from the catchment

uniformly throughout the water year.

3.2 | Seasonal changes in precipitation partitioning

For the selected events in the wet water year in Calhoun (2015),

P was 0.6 to 28.5 mm/d in summer and fall respectively

(median = 6.6 mm/d). Event ET varied between 0.2 and 4.6 mm/d in

winter and summer, respectively (mean = 2.3 mm/d). Event Q ranged

between 0 (i.e., no flow or below detection limit) and 19.4 mm/d in

summer and winter, respectively (mean = 1.7 mm/d). Event RR was

0 to 0.9 for summer and winter, respectively (mean = 0.2).

For the selected events in the normal water year at Calhoun

(2016), event P varied between 0.4 and 20.7 mm/d in spring summer

and spring, respectively (mean = 0.4 mm/d). Event ET was 0.2 to

4.4 mm/d in winter and summer, respectively (mean = 2.2 mm/d).

Event Q was 0 to 4.7 mm/d in summer and spring, respectively

(mean = 0.5 mm/d). Event RR varied between 0 and 1 in summer and

winter, respectively (mean = 0.1). In both water years from Calhoun,

the event RRs increased from the onset of the water year and then

decreased in mid-to-late spring (Figure 3).

At Calhoun, P partitioning to S varied between 0 (no P was parti-

tioned towards storage) and 97%. These variations in P partitioning

were seasonal, with the largest partitioning to S at the beginning of

the water year (e.g., Figure 4a) and the largest partitioning towards

Q occurring in the winter and spring (e.g., Figure 4b). A predominant

partitioning of P to ET was observed for events in mid and late sum-

mer (e.g., Figure 4C).

During the wet water year at Tilden (2018), event P varied

between 1.1 and 35.3 mm/d in summer and winter, respectively

(mean = 10.7 mm/d). Event ET was 0.3 to 4.8 mm/d, in winter and

summer, respectively (mean = 1.8 mm./day). Event Q was 0 to

10.2 mm/d, in summer and winter, respectively (mean = 1.8 mm/d).

Event RR was 0 to 0.52 (mean = 0.1), with the higher values in winter.

During the normal water year (2017), event P was 0.3 to

25 mm/d in late spring and summer, respectively (mean = 8.4 mm).

Event ET was 0.5 to 5.4 mm/d in winter and summer, respectively

(mean = 2 mm/d). Event Q ranged between 0 and 3.3 mm/d in sum-

mer and spring, respectively (mean = 1.3 mm/d). Event RR was 0 to

F IGURE 3 Relative catchment
storage (line) delineated by the
different storage stages (colour boxes).
Light blue demarcates the wet-up
stage, dark blue represents the plateau
stage, and the wet down stage is
marked by the red colour. The bars
illustrate monthly runoff ratios
(secondary vertical axis). The black

points show event runoff ratios. All
runoff ratios were calculated as event
flow over total rainfall. The monthly
runoff ratios are calculated as the total
runoff for a given month (after
baseflow separation) divided by total
rainfall for the month
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0.41 (mean = 0.14). Like in Calhoun, the event RRs tended to increase

as the water year progressed and decreased in spring, with the onset

of the growing season (Figure 3).

Like in Calhoun, P partitioning was seasonal at Tilden. Early in the

water year, P was partitioned preferentially towards S (e.g., Figure 4D),

and predominant Q partitioning was observed in winter and early

spring (e.g., Figure 4e). In Tilden, P partitioning to S varied between

0 and 90%. The somewhat smaller events in Tilden during the summer

indicated that P is partitioned to S but because ET is high during this

time, it depletes S back down (e.g., Figure 4f).

At Lower Hafren, event P was 1.25 to 25.3 mm/d (Table 2), with

the most substantial events occurring in late fall and winter, with large

events still occurring in summer. Event ET varied from 0.3 to

5.4 mm/d in winter and summer, respectively. Event Q ranged

between 0.7 and 25.4 mm/d in summer and late fall. Event RRs were

relatively high, with a mean of 0.4 across all seasons.

In Luquillo, the largest event accumulated 45.5 mm/d of

P during summer, and the smallest event accumulated 0.2 mm/d in

the fall. During the two water years analysed, event ET varied

between 4.5 and 2.29 mm/d in summer and winter, respectively.

Event Q ranged between 27.7 mm/d and 2.7 mm/d in spring and late

fall respectively. The event RRs were relatively high, with a mean

value of 0.4.

3.3 | Hysteresis in the storage dependency of
runoff generation

In the catchments at the water�/energy-limitation threshold, we

observed low RR and antecedent S values at the start of each water

year. Relatively higher RR occurred at higher values of antecedent S as

the water year progressed into the dormant winter (Figure 3). How-

ever, antecedent S and RR declined during the growing season as ET

became a more prominent water balance component. This decline

occurred in watersheds across all the studied hydroclimates, except

for Luquillo in the wet water year. Based on this common pattern in S

across water years and sites, we categorized S seasonality into three

different stages: wet-up, plateau, and dry-down (Figure 3).

Catchments on either side of the water- and energy-limited

threshold display different S-RR relationships (Figure 5), and even

catchments at the threshold exhibit different behaviour. In the catch-

ments near the water�/energy-limited threshold (Tilden and Cal-

houn), the S-RR relationship revealed hysteretic behaviour with a

clockwise direction across each water year (Figures 3 and 5b,d). The

water-limited catchment (Tilden) displayed large variability in anteced-

ent S and a relatively small range of RR, which drove the hysteretic

loop into a wide clockwise loop. Calhoun, the energy-limited catch-

ment, showed greater variability in RR compared to Tilden and a

F IGURE 4 Specific precipitation events across the three catchment storage stages (wet-up, plateau, dry-down), illustrating changes in the
relationship between storage and runoff. In the wet-up period, S increases and RRs are low. During the plateau, storage stays relatively constant

while runoff is generated. During the dry-down, S and RR decrease. S is zero-ed out at the beginning of each event and integrated over the length
of the event. The value of relative storage (S) for the water year on the first day of the event is listed as ant. S (antecedent storage) in the upper
right-hand corner of each plot
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relatively small range of antecedent S, causing a narrower and taller

hysteretic loop (Figure 5). In contrast, hysteretic behaviour was not

observed in the S-RR relationship for the strongly energy-limited

watersheds (i.e., Luquillo and Lower Hafren; Figures 3 and 5a,c). In

these systems, P appeared to be frequent enough to maintain an ele-

vated catchment S, thus S was not as variable in Luquillo and Lower

Hafren as in catchments near the threshold. This process leads to

flashier streams in these strongly energy-limited catchments, explain-

ing their more linear runoff response to precipitation events

(Figure 2).

4 | DISCUSSION

While watershed hydrology and hydroclimatology research efforts in

recent decades have advanced our understanding of P partitioning to

S or Q, we have limited approaches that can generalize and quantify

P partitioning mechanisms affected by intra-annual variations in

hydroclimatic properties (e.g., temperature, precipitation). Further, we

have limited comparisons of S-Q relationships at intra-annual scales in

watersheds across the hydroclimatic spectrum, further limiting our

ability to identify generalizable hydrologic processes. Here, we ana-

lysed event, seasonal and annual water balances across four catch-

ments to address this knowledge gap. Specifically, we chose

catchments we expected to have the highest dependence on storage

for runoff generation, such as catchments near the threshold between

water and energy limitation, with seasonal, highly variable runoff.

Below, we use these results to generate hypotheses for dominant

controls on catchment S and P partitioning that can be investigated in

future studies.

4.1 | Catchment storage drives runoff generation

Across the hydroclimatic spectrum considered in our study, event RRs

exhibited a strong relationship with S (Figure 3). We used the RR met-

ric to describe watershed runoff generation efficiency and observed

that S adequately represents the underlying internal catchment func-

tioning that drives runoff generation mechanisms (Hewlett &

Hibbert, 1967). We can see the central effects of S on runoff

TABLE 2 Summary statistics of the precipitation events analysed in this study. SD refers to the standard deviation. Note that the values for
event P, ET and Q values are statistics of the normalized values

Calhoun Tilden Lower Hafren Luquillo

Max P (mm/d) 28.5 35.3 25.3 45.5

Min P (mm/d) 0.4 0.84 1.25 0.2

Mean P (mm/d) 6.3 10 9.4 12.1

Median P (mm/d) 5.2 7.3 7.8 8.3

SD P (mm/d) 5.3 8.9 5.4 10.1

Max Q (mm/d) 19.7 16.9 21.4 27.7

Min Q (mm/d) 0.0 0.0 0.7 2.7

Mean Q (mm/d) 1.2 2.4 6.1 8.4

Median Q (mm/d) 0.4 1.0 4.8 7

SD Q (mm/d) 2.8 3.5 4.6 5.4

Max ET (mm/d) 4.6 5.4 4.4 4.5

Min ET (mm/d) 0.2 0.3 0.2 2.29

Mean ET (mm/d) 2.2 1.9 1.4 3.4

Median ET (mm/d) 1.7 1.7 1.1 3.3

SD ET (mm/d) 1.5 1.2 1.0 0.7

Max RR (�) 1 0.5 1 1

Min RR (�) 0 0 0.01 0.01

Mean RR (�) 0.1 0.1 0.4 0.4

Median RR (�) 0.1 0.1 0.4 0.3

SD RR (�) 0.2 0.1 0.25 0.25

Max length (d) 16 17 24 27

Min length (d) 1 1 1 1

Mean length (d) 4 5.1 6 8.1

Median length (d) 3 4.5 6.3 7

SD length (d) 3 4.2 6 4.8

n 89 54 74 84
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generation for the catchments considered in this study as higher S

results in higher RR (Figure 4). It is worth noting that the close rela-

tionship between S and RR in our study sites results from the runoff

generation mechanisms that likely dominate at our sites, such as satu-

rated subsurface flow and saturated overland flow (Lapides

et al., 2022). Therefore, our findings should be generalized to catch-

ments where the same assumed or known dominant runoff genera-

tion processes are similar to our sites. In catchments dominated by

Hortonian Overland Flow and high-intensity rainfall events, with high-

intensity rainfall and low infiltration where Hortonian overland flow

dominates (largely arid or urban systems), increasing S would not nec-

essarily lead to increasing RRs (van De Giesen et al., 2000; Woolhiser

et al., 1996).

Intra-annual changes in S represent a kind of ‘watershed memory’
(i.e., the influence of past P inputs) in seasonal runoff generation pat-

terns (Aulenbach & Peters, 2018). Previous studies have used other

proxies for storage, such as antecedent precipitation indices, or water

table measurements. However, here we use a direct estimation of stor-

age. The tradeoff is likely in uncertainty. Water balance is a direct esti-

mation of integrated storage, but it is likely uncertain. Further,

researchers have explored event or monthly scale relationships

between RRs and S and illuminated the significance of intra-annual

S variability for runoff generation. For example, Nippgen et al. (2016)

analysed the lag correlation among monthly P and RRs in five water-

sheds in the southeastern US and determined that monthly RRs were

most significantly correlated with the previous month's P and stayed

strongly correlated up to a lag of 6 months. Others have explored

P partitioning as a function of seasonality and catchment characteristics

using theoretically derived and physically-based water balance models,

suggesting that RR decreased with a decreasing wetness index (Yokoo

et al., 2008). Yokoo et al. (2008) also suggested that the consequences

of seasonality are most significant when the seasonal variabilities of

P and ET are out of phase, such as in Mediterranean climates

(e.g., Tilden) and in arid systems. Other modelling approaches have used

precipitation partitioning at monthly scales based on the Budyko frame-

work (Wang et al., 2011). Wang et al. (2011) showed that analysing the

water balance at monthly scales, accounting for S variability, has the

potential for understanding monthly, seasonal, and annual runoff gener-

ation. The work presented in the literature and our results highlight the

role of watershed S in moderating P partitioning at intra-annual time-

scales that resulted in different runoff responses across the studied

water years (Figure 3). Furthermore, our findings seem to be transfer-

able across several regions in the hydroclimatic spectrum (Figure 3).

4.2 | Conceptual model of how dominant
catchment states drive precipitation partitioning

Here, we present a conceptual model that characterizes differences

and similarities in storage-driven hydrologic partitioning, informed by

F IGURE 5 Runoff ratio (RR) versus
antecedent storage across the four
studied watersheds. The colours
indicate the different stages of
catchment storage (light blue, blue, and
red indicate wet-up, plateau, and dry-
down, respectively). The shape of the
symbol indicates the type of water
year (square and circle for normal and

wet water years, respectively). The
larger, opaque symbols represent
monthly data while the smaller,
transparent symbols correspond to
individual events. The arrows in the
Calhoun and Tilden plots highlight the
clockwise hysteresis observed in these
landscapes
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observations of P partitioning in four catchments that span part of the

hydroclimatic spectrum of water- to energy-limitation. We summa-

rized the seasonality in S over a water year, focusing on catchments

near the threshold of water/energy-limited hydroclimates, where stor-

age is depleted and recharged each water year (Figure 6). Based on

daily water balance observations and the general shape of catchment

storage, we divided S into three dominant stages across a given water

year: wet-up, plateau, and dry-down. From the three S stages, we

identified the wet-up and the dry-down as transitional stages towards

or from the plateau, respectively (Figure 3).

4.2.1 | Wet-up

The onset of the wet-up stage occurs at the beginning of the water

year when S is at a minimum and continues until S fills up. Because

S starts low, P is mostly partitioned towards S (Tromp-van Meerveld &

McDonnell, 2006; Zehe et al., 2005). That is, S ‘fills up’ during this

wet-up, and minimum contributions to Q are observed (Figures 3 and

4). Because most of the wet-up stage coincides with the dormant sea-

son, ET is relatively low (Evers et al., 2021; Hay & Irmak, 2009) and

changes to catchment S are predominantly influenced by P inputs and

Q outputs.

4.2.2 | Plateau

Once S peaks, we transition to the plateau stage in the wet dormant

season (Figure 6). During the plateau, we observe that P is predomi-

nantly partitioned to Q because, at this point, S capacity has likely

been reached (Camporese et al., 2019). This is analogous to a full

bucket (Dralle et al., 2018), which represents saturation of catchment

S, and creates the conditions for the most dynamic period of runoff

generation, with faster and higher magnitude stream responses to

P inputs, as evidenced by relatively larger RRs (Figure 3). The runoff

responses during the plateau suggest hydrological connectivity that

favours water transfer as Q towards the catchment outlet (Soulsby

et al., 2015).

The plateau stage contrasts with the beginning and end of the

wet-up and dry-down, respectively, where S is low. The plateau stage

is likely more common or sustained for longer in energy-limited catch-

ments (Figure 3). This may be because P is frequent and significant

enough to exceed water demands, allowing S to fill up (e.g., wet water

year in Luquillo, Figure 3). In water-limited catchments (e.g., Tilden),

we observed that during normal water years, no plateau is accom-

plished. However, a plateau stage can occur during wet water years

(Figure 3). This suggests that the plateau stage is driven by

P magnitudes, where individual catchments likely have a S threshold

that must be reached to hit the plateau stage. Several researchers

have studied event-based precipitation-runoff analyses, explaining

that S thresholds (or some proxy thereof, e.g., antecedent precipita-

tion indices) need to be exceeded to generate runoff (McDonnell

et al., 2021; Tromp-van Meerveld & McDonnell, 2006). The P, Q and

S dynamics observed during the plateau confirm this previous knowl-

edge for systems near the threshold that transition between water-

and energy-limited during dry and wet water years, respectively.

4.2.3 | Dry-down

With the onset of the growing season and an increase in ET demand,

we transition from the plateau to the dry-down stage of catchment

S (Figure 6). During this time, S decreases as Q and ET continuously

remove water from the system, faster than incoming P (Figure 4).

These observations are supported by others; (Meerveld et al., 2015)

observed low S and stream responses in periods of high ET for a

catchment in the subtropical southeastern US. In a continental-scale

study across the contiguous US and Puerto Rico, (Rossi et al., 2016)

described how high ET could lower the soil moisture before P occurs,

decreasing the relative role of antecedent S on runoff generation.

While we see the dry-down stage in watersheds across the water-to-

energy limitation gradient (Figure 3), we anticipate that different

hydrologic budget components drive S dynamics during this stage in

different hydroclimates. In energy-limited landscapes, the dry-down

stage is likely controlled by seasonality in ET (Gnann et al., 2020;

Maeda et al., 2017), as these systems are often recognized to have

limited seasonality in P (i.e., P continues to occur throughout the

growing season). However, in water-limited landscapes, the dry-down

is likely controlled by seasonality in both P and ET (Cramer &

Hoffman, 2015; Feng et al., 2019). For example, in catchments with

Mediterranean climates, such as Tilden, the water balance during the

dry-down is dominated by ET and Q, as P events are uncommon dur-

ing this stage. The asynchrony between P and ET (Feng et al., 2019) in

these types of landscapes leads to a more marked dry-down stage,

which differs from the above-described controlling mechanisms for

energy-limited landscapes. The dry-down stage ends once the system

transitions into the wet up stage.

This conceptual framework for categorizing S behaviour in catch-

ments is consistent with other studies. For example, Fovet et al.

(2015) used hysteresis analysis of daily S and Q in a maritime water-

shed in northwest France and described four distinctive periods in

which the S-Q relationship highlighted different hydrologic processes.

First, they noticed that P was partitioned towards S at the end of the

F IGURE 6 Conceptual model of stages of catchment storage.
Runoff ratios are shown to be higher during the plateau, after storage
is ‘full.’ note that the timing of the dormant and growing season is for
the eastern US. The black dots represent runoff ratios
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dry periods. Second, Fovet et al. (2015) observed a wetting period,

which resulted in S saturation in the riparian aquifer, allowing for more

S supply to Q while hillslope S continued to be filled. This was fol-

lowed by a period in which hillslope S was filled and started contribut-

ing to Q. Lastly, they described a period in which P declined, riparian

S decreased and Q was sustained by hillslope S. Interestingly, Fovet

et al. (2015) did not consider the role of ET in their characterization of

the different periods. The S-Q relationship presented by (Fovet

et al., 2015) was also proposed by Spence et al. (2010) for a large

watershed in the Canadian shield. Both studies showed the critical

role of S for runoff generation and highlighted the importance of

intra-annual variability, which we found when disaggregating the hys-

teresis pattern by the S stages (Figure 5). The conceptual model of

storage stages in the present study thus advances ideas proposed by

Fovet et al. (2015) and Spence et al. (2010) by applying them across

the water/energy gradient.

4.3 | Seasonal precipitation partitioning controls
hysteretic behaviour of runoff

This study documents relatively higher RR in the wet-up than in the

dry-down stage for a given S value for the threshold catchments

(Tilden, Calhoun; Figure 5). This essential distinguishing characteristic

of the S and RR relationship illustrates the complexity of S variability

at threshold catchments that we did not observe in the two energy-

limited systems studied here (Figure 5). For the two systems at the

threshold of water�/energy-limitation, the same S amount was parti-

tioned to ET or Q differently throughout the year, depending on the

S stage (Figure 5), which directly impacted how much water contrib-

uted to the stream (i.e., the RR).

Two different catchment storage reservoirs, direct and indirect

storage, have been described to explain the dynamic behaviours in

the S-Q relationships of watersheds (Dralle et al., 2018), which can

result in the hysteretic behaviour of these two components of the

water balance. Direct storage is hydraulically connected to the stream,

and it explains the direct relationship between S and Q (i.e., Q is

explicitly sensitive to variations of direct storage). In a saturated

porous media, direct storage is the amount of water stored above field

capacity. On the other hand, indirect storage is not hydraulically con-

nected to the stream, and equals the amount of water stored below

field capacity. Thus, indirect storage can change in amount without

directly affecting Q (Dralle et al., 2018). The wet-up and dry-down

S stages highlight the transition between two extremes of catchment

storage. We can see the predominant influence of indirect storage in

a landscape at the beginning of the wet-up (or at the end of the dry-

down), while complete saturation at the maximum direct storage

could dominate during the plateau. Further, the difference in RR dur-

ing the wet-up and dry-down could be a reflection of the redistribu-

tion of water between direct and indirect storages as a consequence

of plant uptake during the growing season. The lack of hysteresis in

the two more energy-limited catchments for the water years analysed

is likely due to the lower S variability observed (i.e., S stays ‘full’ in

these two catchments) probably, because P is largely partitioned to

direct storage in these much wetter catchments.

The present study does not address the role of ET in the redistri-

bution of water into different S reservoirs during the dry-down

directly, but we suspect that ET magnitude may influence whether

P gets distributed into indirect or direct storage. This, in turn, may help

explain the hysteretic behaviour of the SS-RR relationships observed

at Tilden and Calhoun. We hypothesize redistribution of the incoming

P during the dry-down stage into less hydraulically active but more

plant-accessible storage zones (Dralle et al., 2018). This is consistent

with the findings of ecohydrological studies of recent years that high-

light how vegetation can tap into storage pools without affecting

streamflow (Chang et al., 2019; Evaristo & McDonnell, 2017; Nehemy

et al., 2021; Sprenger et al., 2016). Moreover, it has been documented

in the literature that plants can remove significant water volumes

stored in saprolite and rock moisture (Hahm et al., 2019; McCormick

et al., 2021; Rempe & Dietrich, 2018) which are commonly underap-

preciated parts of catchment storage, and that do not necessarily con-

tribute directly to Q.

Even though the ecohydrology community has continued to

improve collective knowledge on vegetation water use (Dawson &

Ehleringer, 1991; Li et al., 2019; McLaughlin et al., 2017; Meißner

et al., 2014; Oerter et al., 2019; Penna et al., 2018), the mechanisms

that explain where vegetation access water are poorly known. For

example, (Volkmann et al., 2016) showed that different vegetation

types growing in the same area used water from different depths.

Similarly, (Allen et al., 2019) showed that plant species in the same

environment favoured the use of water with different seasonal ori-

gins. With our analysis, we cannot assess the mechanisms by which

plants access water in the watersheds studied. However, by showing

the disparate P partitioning during the dry-down stage relative to the

wet-up stage of catchment storage, the relatively simple analysis of

the water balance in the present study highlights the necessity for

understanding ET (especially transpiration) when modelling the terres-

trial water budget (Jasechko et al., 2013; Schlesinger &

Jasechko, 2014).

The replenishment of these vegetation-preferred storage pools is

relatively unexplored. How these stores receive inflow during the

wet-up stage may help to explain S-RR hysteresis (Figure 5), which

highlights the effects of intra-annual S variations for runoff generation

in catchments at the threshold. Using storage stages as a framework

to separate periods of the water year with distinct hydrologic parti-

tioning characteristics, we may be able to further enhance our under-

standing of the relative importance of ET as a controlling parameter in

S-RR relationships in watersheds.

4.4 | Limitations and future considerations

The work discussed here was restricted to two water years at each

site, which introduces limitations in generalizing our findings. Specifi-

cally, data availability restricted our work for our two main study

watersheds (Calhoun and Tilden); monitoring at the sites occurred
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during a short duration, which included a wet and a normal water

year. Thus, while lower Hafren and Luquillo have longer datasets, we

selected water years with similar P percentiles. The analysis used in

this study can be improved by extending hydrologic observations to

include a greater range of hydrologic conditions., for example, pairs of

water years with similar total P, but different antecedent conditions.

While our data availability did not allow for such an analysis, we rec-

ognize potential future research avenues in testing our discussion

with longer time series.

Measurements in all the water balance parameters contain some

degree of uncertainty/error. In Particular, catchment ET measure-

ments are highly uncertain. However, it is worth noting that our analy-

sis does not depend on the magnitude of daily ET. Our conceptual

model is based on the temporal variability of the water balance

parameters within a water year. Notably, the stages of catchment

storage can be identified by the shape of the storage curve (Figure 2).

Thus, uncertainties in the magnitude of ET, as long as the errors are

uniformly distributed, should result in similar S shapes but shifted in

magnitude.

5 | IMPLICATIONS AND CONCLUSION

This study elucidates the intra-annual variability in runoff generation

in response to changes in S in watersheds that exist over a range of

hydroclimatic conditions. Our analysis sought to improve our concep-

tual understanding of the diversity of catchment behaviour within

long-term annual water balance classifications. We observed a charac-

teristic shape in daily storage across water years in watersheds at the

water�/energy-limitation threshold, where systems experienced dis-

tinct runoff response across wet-up, plateau, and dry-down S stages.

The similarity in intra-annual S variability between the two thresh-

old catchments, notwithstanding their different hydroclimatic zones

and long-term positions on opposite sides of the threshold, suggests a

characteristic behaviour of catchments close to this threshold. This

similitude indicates that for catchments such as Calhoun and Tilden,

significant intra-annual changes in S induce marked shifts in runoff gen-

eration behaviour that are characteristic of both humid and arid catch-

ments (i.e., intra-annual switch between water- and energy-limited).

The semi-arid watershed (Tilden) shifted between energy-limited

and water-limited for the wet and normal water years. This variability

led to differences in the degree or presence of S stages that occurred

during each individual water year. In a normal water year, Tilden dis-

played only a wet-up and dry-down stage, as water demands were

insufficient to achieve the plateau. However, this catchment displayed

the three S stages during the wet water year. In the humid Calhoun,

we observed the three S stages for both water years, highlighting this

system's position at the threshold of water�/energy-limited hydrocli-

mates, where storage is depleted and recharged each water year.

However, separating the annual hydroclimatic conditions by events

(and monthly) at Calhoun showcased how this system switches from

water-limited to energy-limited within the year, which is otherwise

masked in aggregated annual averages (Figure 3).

Our analysis shows that catchment behaviour is not 100% uni-

form throughout a water year. However, it is worth noticing that the

classification of catchments as either water-limited or energy-limited

is not a binary classification. When we classify a catchment as water-

limited, it does not necessarily mean that it displays a water-limited

behaviour the entirely of the time, but rather that it behaves as a

water-limited system most of the time (Creed et al., 2014). For exam-

ple, as discussed earlier, Calhoun switches between water-limited and

energy-limited at the event scale, but overall, in terms of the number

of events, it is predominantly energy-limited. Thus, the events that

occur during the wet-up and the dry-down, which are associated with

water-limitation, could be considered outliers. On the other hand, Til-

den, or any other catchment around the globe that is labelled as

water-limited based on annual data, may also switch back and forth at

the event scale, but overall it is predominantly water-limited (i.e., most

of the events occur during the wet-up and the dry down). The ques-

tion then becomes: what is the importance of these outlier events in

understanding the overall function or hydrologic importance of these

watersheds?

The outlier events that describe the variability in behaviour

between water/energy-limitation for catchments at the threshold are

important for process understanding, especially for runoff generation

during shoulder seasons. We found that the wet-up and the dry-down

correspond to the transition periods between wet and dry seasons.

The ‘outlier’ events matter because they can be associated with very

high precipitation intensities and volumes (e.g., atmospheric river

events, hurricanes). This phenomenon is expected to become more

evident with climate change. In California (Tilden), fewer but more

intense precipitation events are expected to occur during the shoulder

seasons (Swain et al., 2018). Similarly, there is an increase in the num-

ber and magnitude of hurricanes in the southeastern US (Calhoun)

(Wang et al., 2011). In other words, many of the changes in hydrocli-

matic forces anticipated due to climate change will occur at the time

when the ‘outlier’ events are already occurring. Thus, outlier events

are likely to become less outlying.

Further, our findings are important for water resources manage-

ment. Here, we showed that precipitation events that occur during

the wet-up and the dry-down display characteristics common to

water-limited systems, whereas precipitation events that occur in the

plateau display characteristics common to energy-limited systems. As

human population and thus water demand grows, we have started to

manage storm flows through practices such as managed aquifer

recharge, where we engineer catch basins to purposefully infiltrate

stormflow to manually recharge the subsurface (Levintal et al., 2022;

Ma et al., 2022). In water-limited systems, the standard practice is to

remove water in times of surplus (Dahlke et al., 2018). The framework

presented here can help us identify periods of surplus (e.g., plateau

stage). On the other hand, in energy-limited systems, where precipita-

tion is relatively uniform, we usually do not think about hydroclimate

seasonality, often focusing more heavily on routing water off of the

landscape efficiently. These predominant management strategies have

an implicit assumption of hydroclimatic stationarity embedded within

them. We believe our work can serve as a first assessment for periods
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in which managed aquifer recharge should not be performed in these

systems (e.g., in the wet-up and dry-down stages of catchment stor-

age). During these periods, the stream discharge might not be suffi-

cient to sustain other environmental and ecological needs, such as

water for fish and amphibians that dwell in streams. Similarly, these

storage states may provide conceptual tools for determining when to

incorporate strategies akin to managed aquifer recharge in regions

where it has not traditionally been used. For example, encouraging

retention of water in upland aquifers that feed reservoirs in humid,

energy-limited regions.

In conclusion, categorizing watersheds as energy- or water-

limited based on long-term annual water balances has been a funda-

mental approach for explaining variability in runoff generation across

landscapes with various hydroclimatic conditions. However, annual

water balance studies may ‘miss’ the intra-annual variability in runoff

generation, which may obscure the differences and similarities

between water- and energy-limited catchments, especially in land-

scapes with long-term hydrology that places them close to the thresh-

old between water- and energy-limitation. We present a framework

for comparing S-RR at intra-annual scales in catchments across the

hydroclimatic spectrum that display different S stages across the

water year. Our S stage framework can be used as a unifying concept

to make more robust cross-catchment comparisons that include the

non-stationarity of hydroclimates. Improving our knowledge of the

P partitioning in catchments at the threshold of water�/energy-

limited hydroclimates might arise from explaining these catchments'

water balance components and multi-scale hydrologic controls (e.g., S,

RR) rather than using the Budyko space.
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