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ABSTRACT

How and why river flow changes due to environmental change are essential questions for
hydrological sciences and society. Based on previous studies relating the scaling properties of
river flow to a basins' regulation capacity, here we use the scaling theory to investigate changes
in a medium-size tropical basin (the Magdalena river basin)'s capacity to regulate extreme
flows over 1992-2015. Regulation is defined here as the basin's capacity to either dampen high
flows or enhance low flows, which depends on how a basin stores and releases water through
time. In contrast to most previous studies, we focus on the scaling properties of events rather
than long-term averages. A jump in the scaling exponents reveals that the basin's capacity to
regulate low flow has weakened after 2010, which we relate to a decreasing trend in terrestrial
water storage that can affect the basin's capacity to enhance low flow through base flow.
Scaling exponents above one reveal that the basin has had a weak capacity to regulate its high
flow throughout the study period, which we relate to the spatial variability of rainfall and land
use/land cover. Despite the focus on the Magdalena river basin, our study provides theoretical
and applied foundations for using the scaling laws in understanding temporal changes of river
flow regimes and the basins' regulation capacity. This understanding is critical for water

management and related decisions in a changing environment.

Keywords: Scaling theory, extreme river flows, non-stationarity, hydrological regulation,
Panta Rhei

1. INTRODUCTION

Some of the main problems in hydrological sciences are related to how and why river flow
changes due to environmental change and the concomitant impacts on society and ecosystems
(Li et al., 2017; Best, 2019). Extreme flows (i.e., high and low flows) are critical due to their
relationship with floods and droughts. For instance, in Colombia, La Nifia 2010-2011 caused
severe floods in extensive areas and related economic losses roughly estimated at US 7.8 billion

(Hoyos et al., 2013); whereas EIl Nifio 2015-2016 caused extreme low flows linked to droughts



that compromised water availability for many people (Hoyos et al., 2017) and hydropower

generation (Weng et al., 2020).

Non-stationarity of hydrological phenomena is a critical problem for hydrological sciences.
Montanari et al. (2013) described this as Panta Rhei (“everything flows™) to highlight the
challenge of understanding hydrologic dynamics in a changing environment. In general, the
river flow regime in a basin results from a complex aggregation process at different scales that
depends on multiple factors such as climate, land use/land cover (LULC), and geomorphology
(Zhang et al., 2018; Salazar et al., 2018). The scaling theory has been proposed as a theoretical
and applied framework to deal with these processes and their inherent complexity and
heterogeneity in river basins (Gupta et al., 2007). A central idea of this theory is that some
properties exhibit scale-invariance, meaning, for instance, that they do not vary with increasing
spatial scale in a river basin. The scale-invariance is a consequence of the system’s internal
dynamics and self-organization, and it implies a power-law correlation between the system
(e.g., ariver basin) response (e.g., streamflow) and a scale parameter (e.g., the catchment area),
that is (Salazar et al., 2018)

E[Qf] = a; AP, oy
where E[QF] is the k-th order statistical moment of the probability distribution function of low
(Qr, I=L) or high (QF, i=F) flow, A is the catchment area (scale parameter), and «; and j3, are
the scaling parameter and coefficient (or prefactor), respectively. Non-stationarity means that

the scaling exponent and coefficient vary with time (Rodriguez et al., 2018).

Although some exceptions focused on mean or low flows (Vogel & Sankarasubramanian,
2000; Modarres, 2010; Rodriguez et al., 2018), previous studies have focused mainly on floods
(Gupta et al., 1994; Gupta & Dawdy, 1995; Gupta, 2004; Gupta et al., 2015; Ayalew, 2018;
Perez, 2018), using two main approaches: modeling of idealized basins (e.g., Gupta, 1996;
Menabde et al., 2001; Mantilla et al., 2006; Ayalew et al., 2014) and observation-based analysis
of actual basins (e.g., Gupta & Dawdy, 1995; Ogden et al., 2003; Ayalew et al., 2018; Perez et
al., 2018). Moreover, most studies have analyzed the scaling properties based on flows’ annual
statistics (e.g., Gupta & Dawdy, 1995; Eaton et al., 2002; Gupta et al., 2010; Rodriguez et al.,
2018). An alternative is to study the scaling properties for specific high or low flows events
rather than annual statistics (e.g., Gupta, 2004; Ayalew et al., 2014; Furey et al., 2016). In both
cases, the scaling properties are computed from high or low flow data at different locations



(gauges) in the basin's drainage network. When using annual statistics, there is no synchronicity
between high or low flows in different gauges, i.e., these extreme flows do not correspond to
the same event. In contrast, the event approach uses synchronous flows to obtain the scaling
properties, thereby focusing on how the flow changes with increasing spatial scale leading to

an extreme event in the basin outlet.

A fundamental question for the scaling theory in hydrology is how the scaling properties
(mainly the scaling exponent) relate to physical phenomena (Gupta et al., 1994; 2007).
Previous studies have related flood's scaling properties to differences between snowmelt- or
rainfall- generated floods (Gupta and Dawdy, 1995; Eaton et al., 2002), the fractal properties
of the drainage network and rainfall (Gupta, 1996), the excess intensity and rainfall duration
(Gupta et al., 1998; Menabde et al., 2001), actual network structures and flow dynamics
(Mantilla, 2006), and the spatio-temporal variability of rainfall (Mandapaka et al., 2009). Other
studies focused on the regional flood frequency analysis (RFFA) and the use of scaling laws to
describe river floods over homogeneous regions (Eaton et al., 2002; Ishak et al., 2011; Perez,
2019), as well as on the application of different regression models to investigate different
variables’ role in generating flood peaks (Farmer et al., 2015; Perez, 2019; Formetta et al.,

2021).

Studying the Amazon river basin, Salazar et al. (2018) related the scaling properties of a river
basin to its regulation capacity, defined as the basin’s capacity to dampen high flows and
amplify low flows under the influence of, e.g., high or low rainfall, respectively. These
dampening and amplification processes depend on how basins store and release water through
time, which involves complex and dynamic phenomena occurring within basins and sensitive
to environmental change. Building on this study, Rodriguez et al. (2018) showed that the
scaling exponents of large Amazon sub-basins and the Magdalena river basin have changed
over time and interpreted these changes as evidence of non-stationarity in the basins’ regulation
capacity. Both studies used annual statistics from high and low flows measured asynchronously

across the gauging network.

Here we study the scaling properties in the Magdalena River Basin (MRB henceforth) for
annual events of high and low flows, i.e., using synchronous flow measures (further details in
Section 2). As we will show below, this leads to substantially different results from the previous
study by Rodriguez et al. (2018) and provides new insights on the physical processes behind



the scaling properties and the basin’s hydrological dynamics. The MRB is the most important
basin for water and energy security in Colombia, including being the place of many economic
activities and home for most of the country’s population (Angarita et al., 2018; Restrepo et al.,
2015). Our aims are, first, to characterize the temporal evolution of scaling properties in the
MRB for high and low flow events, then to investigate how the MRB’s regulation capacity has
behaved over time based on the scaling exponents, and, finally, to explore the physical

processes behind the resulting patterns.

2. DATA AND METHODS

2.1 Study area

The MRB (Figure 1) located in northwestern South America, flows across Colombia with a
length of about 1,105 km and a catchment area around 160,914 km2. The river originates in the
Andes mountains at around 3,700 m.a.s.l and flows towards its mouth in the Western Caribbean
Sea (Restrepo & Kjerfve, 2000). The average annual precipitation in the MRB is ~1,989 mm,
with a bi-modal seasonal cycle mainly related to the seasonal migration of the Inter-tropical
Convergence Zone (ITCZ; Urreaetal., 2019), and pronounced interannual variability primarily
modulated by EI Nifio Southern Oscillation (ENSO, Poveda, et al., 2002). The average annual
discharge at the basin outlet is ~ 4,154 m?® s™!, ranging from 1,252 m* s t0 9,217 m? s (1992-
2015). Our analysis does not set the basin outlet in the Caribbean Sea but in the El Banco gauge
(Figure 1) due to the number and distribution of gauging stations with streamflow data available

for the study period and covering multiple spatial scales, as required for the scaling analysis.
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Figure 1. The Magdalena River Basin (MRB) in northwestern South America. Topography
(shading) and streamflow gauging stations (points). Gauge numbers grow with increasing
catchment area from 125 km? to 160,914 km?. Details in Table 1.

2.1 Data

For the scaling analysis, we used daily streamflow data for 1992-2015 measured at the 21
gauges shown in Figure 1 and described in Table 1, provided by the Institute of Hydrology,
Meteorology and Environmental Studies of Colombia (IDEAM, http://www.ideam.gov.co/).

These gauges were identified after filtering the original database (475 gauges, 1950-2019) with
a threshold of 12.5% of missing data per year (i.e., half of a 3-months season) for the study


http://www.ideam.gov.co/

period (1992-2015). This analysis of data availability was the basis for setting the basin outlet

at the El Banco gauge (gauge 21 in Figure 1) rather than near the Caribbean Sea.

Table 1. Gauging stations for daily streamflow.

I [():E'g‘:/l Area (km?) | Latitude | Longitude E(Irfl\'/ztsi.?)n (Figlu[l)fe 1
25027020 160,914 8.99 -73.96 29 21
23097030 74,387 6.48 -74.4 111 20
23037010 56,500 5.46 -74.66 186 19
21237010 48,100 4.38 -74.83 277 18
21137010 25,485 3.84 -74.93 306 17
23127060 4,901 6.29 -74.09 154 16
21027010 3,561 2.05 -75.85 839 15
23057140 2,335 5.73 -74.72 176 14
24037290 2,092 5.75 -72.9 2,490 13
21147030 1,668 3.32 -74.86 730 12
23067060 1,116 5.12 -74.44 620 11
21197010 958 4.01 -74.5 1,860 10
21017020 319 1.87 -76.23 1,233 9
23107030 307 6.63 -74.87 970 8
24017610 289 5.32 -73.69 2,590 7
21017050 268 1.84 -76.05 1,250 6




28017080 206 10.81 -73.05 275 5
21167060 202 3.92 -74.65 744 4
24027040 184 6.52 -73 1,700 3
24027060 165 6.47 -73.07 1,223 2
23197130 125 7.29 -713.14 770 1

We used Precipitation (P), Terrestrial Water Storage (TWS), and Land Use Land Cover
(LULC) data to complement the scaling analysis. P is from the Climate Hazards Center
InfraRed Precipitation with Station data (CHIRPS version 2), which is a gridded dataset that
provides blended gauge-satellite precipitation estimates that cover most global land regions
with a high resolution (0.05°) and a long period of records (1981-present; Funk et al., 2015).
Particularly, this dataset has a suitable performance for the MRB (Supplementary figure S4).
Monthly TWS (April 2002 to December 2015) is from the Mascons (mass concentrations
functions) product provided by the Jet Propulsion Laboratory after processing GRACE data,
which is a gridded product with a spatial resolution of 0.5° that use mass concentrations
functions (i.e., Mascons) to parameterize the gravity field (Watkins et al., 2015; Save et al.,
2016). Bolafios et al. (2021) identified this product as the best GRACE-based product
representing TWS in the MRB. LULC data is from the Land Cover CCI global dataset (ESA,
2017; e.g., Li et al., 2016; Nowosad et al., 2019) reclassified in the categories defined by the
IPCC: forest, croplands, grasslands, shrublands, sparse vegetation, wetlands, urban, bare soils,

water, and ice and snow (ESA, 2017). All the information used is summarized in Table 2.

Table 2. Summary of the information used in this study

Spatial

. Period References
Resolution

Sources Variable

IDEAM Streamflow, Q - 1992-2015 -




o 0.05° (~5.5 Funk et al.,
CHIRPS v2 | Precipitation, P km) 1992-2015 2015
La”gglo"er Cover 0.3 km 1092-2015 | ESA, 2017
Terrestrial V;/Ia tlz%nls;t
Water Storage 0.5° (~55.5 Apr 2002-Dec M '
JPL mascons . Bolanos et al.,
Anomalies, km) 2015 2021
TWS
. Jarvis et al.,
SRTM Elevation 0.25 km - 2008

IDEAM: Institute of Hydrology, Meteorology and Environmental Studies of Colombia; CHIRPS: Climate
Hazards Group InfraRed Precipitation with Station; ESA: European Space Agency; GRACE: Gravity Recovery
and Climate Experiment; SRTM: Shuttle Radar Topographic Mission.

2.2. High and low flow events

Annual high and low flows registered in different points of the drainage network do not
correspond to the same event, i.e., they do not occur synchronously in all gauges. When using
annual extreme flows or long-term averages to obtain the scaling properties (e.g., Farmer et al.,
2015; Formetta et al., 2021; Gupta et al., 2010; Ishak et al., 2011; Rodriguez et al., 2018; Yue
et al., 2004), these extremes correspond, generally, to different events at different times (Figure
2a). Here we do not use this approach but obtain the scaling properties for annual events. These
events correspond to the annual maximum or minimum flow at the basin outlet, along with the
corresponding flows registered simultaneously in all other gauges (Figure 2b). Hence, these
other gauges' flows are not necessarily an extreme flow but the flows contributing to the
extreme flow at the basin outlet. The resulting scaling properties describe the complex
accumulation process leading to extreme flows in the basin outlet and its variability in terms
of catchment physical processes. Previous studies used a similar approach, analyzing the
scaling properties of peak discharges resulting from individual rainfall-runoff events in nested
watersheds and their relationship with the physical characteristics of the catchment and rainfall
(e.g., Ayalew et al., 2014; Ayalew et al., 2015; Furey et al., 2016; Perez et al., 2019).

10
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Figure 2. Schematic representation of the (a) annual statistics and (b) event approaches. While
flows are not synchronous in (a), they correspond to the same time (t) in (b). Qr  represents

high (F) or low (L) flow at the basin’s outlet.

2.3 Estimating scaling laws
Power laws were fitted for extreme river flows to evaluate potential changes in scaling
parameters with time. All fitted laws followed the general power law (Eg.(1)), which log-
transformed with k = 1, is equivalent to:

In(E * [Q;]) = In(a;) + Biln(A)
)
where E = [Q;] is a streamflow event for low (i=L) or high (i=F) flows, and other factors are
the same as in Eqg.(1). We use a star (*) here to highlight that Equation (1) with k = 1 do not
refer strictly to events but to the mean value over a given time, generally the long-term mean.
However, since we are interested in how the scaling properties change with time, we used
Eq.(2) to obtain the scaling exponent for different time frames. Hence, we estimated the scaling
exponent for each annual event of high and low flows, and also using n-year moving average
events with n=2,3,4,5 years (details in Supplementary Table S3). Average events result from

averaging flows at each gauge for each time frame (n years), which describe the average flow

11



accumulation patterns during high or low flows over the n years. This procedure leads to time

series of scaling exponents that were used to investigate the said temporal changes.

The scaling coefficient («;) and exponent (3;) were obtained through linear regressions fitted
using the standard least-squares method. The statistical significance of these regressions was
evaluated with the coefficient of determination (R?) and p-values. In all cases p-values

indicated a significance level of at least 0.001 (details in Supplementary Table S2).

To investigate temporal changes of the time series in MRB (including the scaling exponents
and other variables; Table 2), we tested for significant trends and changes in mean values using
the non-parametric Trend Free Prewhitening test (TFPW; Tananaev et al., 2016; Mekonnen et
al., 2018) and the Mann-Whitney Wilcoxon test, respectively. Both at a significance level of a
=0.05.

2.4 Regulation of high and low flows

A river basin can be classified as regulated or unregulated depending on its river flow regime
(Salazar et al., 2018). A fundamental feature of this regime is how flows grow with the spatial
scale, which is described by the scaling exponents (Figure 3). Regulation is defined here as the
basin’s capacity to dampen high flows and amplify low flows under the influence of, e.g., high
or low rainfall, respectively. Amplification occurs when the runoff contribution to high or low
flows per unit area increases downstream, i.e., with increasing spatial scale. This pattern results
in a scaling exponent greater than one (p>1). Conversely, dampening occurs when this runoff
contribution decreases downstream, leading to a scaling exponent lower than one (8<1). Both
amplification and dampening can occur under the most common pattern of increasing
streamflow with increasing spatial scale because these processes do not depend on whether Q
increases with A (i.e., whether dQ/dA is positive) but on the concavity of the Q vs. A curve
(i.e., the sign of the second derivative d°Q /d A’; Figure 3). Hence, p=1 is a critical value around
which the curvature of the power-law (Eq.1) changes. From this perspective, a higher
regulation in a river basin implies both reducing floods through dampening effects produced
by water retention within the basin and increasing low flows through amplification effects

resulting from the release of water stored within the basin (Salazar et al., 2018).

12



Y /"1 Dampening

A

Figure 3. Schematic representation of the amplification and dampening process in a basin.
The Y-axis represents the streamflow and the X-axis the basin’s area. The blue lines represent

how the streamflow grows with the scale.

2.5 Precipitation and land use/land cover change analysis

To explore mechanisms behind the scaling properties, we analyzed precipitation during and
before the day of each high flow event. Using data from CHIRPSv2, we obtained maps for
daily mean precipitation during each event and 30-days accumulated precipitation before each
event for the MRB. The rationale is that high flows are generated primarily by precipitation
falling during a particular day and depend on antecedent moisture, which is uncertain but
related to precipitation before the event and critical for flood generation (Brunner et al., 2021,
Brunner et al., 2020). Furthermore, we obtained a time series of the amplitude of monthly
precipitation by regions (the Northern and Southern parts of the basin) as the difference
between the monthly highest and lowest precipitation value per year.

Additionally, using annual land cover maps from ESA, we considered spatio-temporal changes
of LULC in the basin over the study period. Categories were reclassified following the
classification proposed by the Intergovernmental Panel on Climate Change (IPCC; ESA, 2017).
The modal value of each pixel was used to describe the predominant LULC over time. Using
the Kappa index (Badia et al., 2019; Cohen, 1960) to compare annual LULC maps, we
investigated temporal changes in LULC.

13



3.RESULTS AND DISCUSSION

3.1 Synchronicity of low and high flows

Low flows do not co-occur in all gauges, i.e., there is no synchronization among low flows in
all sub-basins (Figure 4a). This supports our event-based approach in which the scaling
exponent and prefactor describe the accumulation process that produces low flow in the basin
outlet. In most cases, low flow occurs during or after the first dry season of the year (DJF),
which, on average, is the driest season in the MRB (Figure 5). However, there are exceptions,
such as gauges 11 and 14, where low flow concentrates in August after the second dry season
of the year.

I
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Figure 4. Lack of synchronization of annual low (a) and high (b) flows among MRB’s sub-
basins. The Y-axis shows the month of occurrence of annual low or high flows in different sub-
basins. Box-plots show variability over 1992-2015 Numbers in the X-axis identify sub-basins,

as shown in Figure 1.
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Figure 5. Annual cycle of precipitation (P) in the MRB. Values from CHIRPS are averaged

over the basin. Box-plots describe variability among years in the time series.

Likewise, high flows do not occur synchronously among all sub-basins (Figure 4b). Although
they occur mainly during the second wet season of the year (SON; Figure 5), there are gauges
where high flow had happened in any other month (e.g., gauge 16). The high flow concentration
around SON may be a consequence of the difference between the first (DJF) and second (JJA)
dry seasons. Since the latter is less dry (Figure 5), soils may approach saturation more rapidly
during SON than during MAM (the first wet season), enhancing high flows and floods in SON.

3.2 Scaling exponent for low flows

Figure 6a shows that the scaling exponent for low flow (f;) has been most of the time greater
than 1, regardless of using yearly values of moving averages to estimate them. VValues above 1
indicate that the basin behaves as regulated, meaning that it amplifies low flow as the spatial
scale increases (Salazar et al., 2018). However, a statistically significant change in their mean
reveals that g, values are getting closer to 1 over the last few years, which indicates a

weakening of the basin’s regulation capacity for low flow (Rodriguez et al., 2018).

15
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Figure 6. Time series of (a) scaling exponent for low flow based on yearly values and moving
averages, where the two dotted black line represents the mean before December 2010 and
afterwards, and the dashed thin line represents the critical value of the scaling exponent. (b)
Monthly low flow anomalies, where the blue lines show significant trends, which are positive
before December 2010 and negative afterwards. (c) monthly TWS in the MRB represented by
a solid black line and TWS in the Magdalena-Cauca River Basin represented by a dashed black
line. The solid blue lines represent trends before and after December 2010. The jump in the

mean in panel (a) and trends in panels (b and c) are statistically significant (p < 0.05).

The behavior of the scaling exponent for low flow over time differs from Rodriguez et al.’s
(2018) findings. This previous study found a shift from an unregulated to a regulated state,
linked to an increasing trend in the basin’s capacity to regulate low flows. This difference
between Rodriguez et al.’s (2018) finding and ours results from using the event approach in
the present study. Whereas Rodriguez et al. (2018) used the standard practice of considering
annual statistics from each gauge despite being asynchronous, we examined the scaling

exponents for low flow events, which requires synchronicity among gauges. Nevertheless, both

16



studies indicate that the low flow scaling exponent is close to 1 (i.e., the critical value) in recent

years.

The change in the scaling exponent £, in 2010 coincides with statistically significant changes
in the time series of low flow anomalies (Fig. 6b) and TWS (Figure 6c¢) obtained from GRACE.
In 2010, basin-average low flow anomalies changed from an increasing (3.08 m3s~/) to a
decreasing (-39.40 m’s~') trend. Notably, these changes coincide with a change in TWS
identified by Bolafios et al. (2020) for the whole Magdalena river basin (including the Cauca
river, greater than our study MRB), indicating that both surface and groundwater storage have
been reducing during 2010-2017, perhaps as a consequence of transitioning between strong
ENSO phases: La Nifia in 2010-2011 and El Nifio in 2015-2016. The same pattern occurs in
the MRB, as shown by the solid black line in Figure 6c.

Changes in low flow anomalies and TWS are likely related to the identified weakening of low
flow regulation. Low flow occurs due to prolonged periods with low precipitation in which
streamflow depends strongly on base flow. In turn, this base flow depends primarily on water
storage. TWS reduction can weaken base flow and, therefore, the basin's capacity to amplify

low flows during dry seasons.

3.3. Scaling exponent for high flows

There are neither significant trends nor changes in its mean for Sz, and high flow anomalies
and precipitation anomalies in the basin do not exhibit significant trends or changes either.
Nevertheless, the scaling exponent for high flow (Sx) indicates that the MRB behaves mostly
as unregulated. This follows from values of B being greater than one most of the time (Figure
7a) and the physical interpretation of scaling exponents proposed by Salazar et al. (2018) and
Rodriguez et al. (2018). In an unregulated basin, Sr>1 indicates that the basin does not dampen
but amplifies high flow. Conversely, a regulated basin dampens high flow, which manifests in

a scaling exponent lower than one.

17
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Figure 7. Time series of (a) scaling exponent for high flows based on yearly values and moving
averages. The dashed thin line represents the critical value for the scaling exponent. b) Monthly

high flows anomalies and, c) Monthly precipitation anomalies (P) for MRB.

Non-regulation of high flows in the MRB is an unexpected result because this basin has a well-
developed system of dams and reservoirs, including more than 33 dams in operation along the
Magdalena river (Angarita et al., 2018). However, these dams and reservoirs are not operated
for flood control but mainly for hydropower generation, i.e., based primarily on economic
criteria related to the Colombian energy stock market (Barrientos & Villada, 2014). Besides
not being conceived and operated for flood control, these dams and reservoirs are related to
widespread changes in the basin (e.g., the effects of damming the Amazon; Latrubesse et al.,

2017) that can weaken its natural regulation capacity (Salazar et al., 2018).

High flow scaling exponents greater than 1 is an unexpected result also because it contradicts
the theoretical limit suggested by Gupta (2004), as well as the most common results from
previous studies: Sz<1 (Limaetal., 2017; Perez et al., 2018; Perez et al., 2019). Nevertheless,
Ayalew et al. (2015) noted that this theoretical limit depends on the underlying assumption that
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precipitation intensity causing floods is homogeneous throughout the basin. This assumption
does not hold for the MRB basin; instead, there is high precipitation variability during the
specific day of flood occurrence (Figure 8a and Supplementary Figure S2) and the previous
month (30 days; Figure 8b and Supplementary Figure S3). This latter is important for soil
saturation, a critical process in flood production. Furthermore, our event approach does not
coincide with most previous studies, including Rodriguez et al. (2018)’s that found Sz<1 in the
same basin, suggesting that synchronization makes significant differences in estimating scaling

properties.
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Figure 8. a) Daily mean precipitation during high flow events. b) 30-days mean accumulated
precipitation before high flow events. Dashed line divides the basin into Northern (7°N-11°N)
and Southern (1.5°N-7°N) parts.

The average daily precipitation during high flow events (Figure 8a) and 30-day antecedent
precipitation (Figure 8b) are not distributed homogeneously over the basin. Instead, higher
precipitation values concentrate mostly around the center part of the basin, not so far from its
outlet. This precipitation pattern partly explains why high flows amplify downstream. The

contribution to high flow (per unit area) of any area fraction of the basin can grow with
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increasing area simply because the basin receives more precipitation in its center than in its
upper (southern) part.

Figure 9 shows the precipitation annual cycle and its amplitude in the Northern (7°N-11°N)
and Southern (1.5°N-7°N) parts of the basin. On average, monthly precipitation reaches more
extreme values in the Northern than in the Southern part (Figure 9a), including the highest
precipitation in October during the second wet season and the lowest precipitation in January
during the first dry season. Over time, the precipitation's annual cycle amplitude is greater in
the North than in the South (Figure 9b). The amplification of high flows revealed by the scaling
exponent (Br>1) implies that, per unit area, the Northern part of the basin contributes more to
high flows at the basin outlet than the Southern part. This amplification seems consistent with
the described features of the precipitation regime with marked North-South heterogeneity and

a more extreme wet season in the North, which is the lower part of the basin near its outlet.
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Figure 9. a) Average (1992-2015) annual precipitation cycle for the Northern and Southern
parts (indicated by the dashed line in Fig. 6) of the MRB. b) Yearly amplitude of the
precipitation annual cycle: difference between the highest and lowest precipitation value of the
annual cycle per year.
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Figure 10 shows the most common LULC class (i.e., the modal) in the basin based on annual
maps from 1992 to 2015 (Supplementary Figure S1). As for precipitation, LULC shows a
pronounced Northern-Southern heterogeneity. Whereas agricultural land predominates in the
North, forest and shrubland predominate in the South. Since LULC is critical for streamflow
production in a basin (Dosdogru et al., 2020; Ellison et al., 2017; Pefia-Arancibia et al., 2019;
Zhang et al., 2018), this LULC heterogeneity affects how the Northern and Southern parts of
the basin contribute to high flow in the basin outlet. Previous studies in the region indicate that,
compared to forest and shrubland, agricultural land is less effective in maintaining higher levels
of soil moisture and decreasing potential overland flow, contributing to hydrological regulation
(Garcia-leoz et al., 2018). Furthermore, tropical forests may be critical for increasing basins'
capacity to regulate river flow, including floods dampening (Bonnesoeur et al., 2019; Salazar
et al., 2018). Hence, high flow amplification (8z>1) in the Magdalena basin seems generally

consistent also with its LULC heterogeneity.
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Figure 10. Land cover and land use in MRB for 1992-2015. Each pixel on the map is
represented by the modal value (i.e., the most frequent value) for the study period.
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4.CONCLUSIONS

We used the scaling theory for studying changes in the MRB's capacity to regulate its extreme
river flows. In contrast to most previous studies, we focused on the scaling properties of
"events" here characterized by sets of observed river flows that co-occurred, i.e., assuring
synchronization between flow records at a daily scale (the available resolution). Hence, the
analyzed scaling properties relate to how flow aggregates across the basin's river network when

annual high or low flow occurs at the basin's outlet.

Scaling exponent values above one indicate that the MRB has behaved as regulated for low
flow during the last decades (1992-2015), i.e., the basin enhances low flow with increasing
spatial scale. However, this regulation capacity has weakened recently, as indicated by a
considerable reduction of the scaling exponent after 2010. Although the behavior remains
regulated, the scaling exponent getting closer to one indicates that the basin has approached a
state where it would not amplify (regulate) but dampen low flow. This regulation weakening
coincides with a decreasing trend in terrestrial water storage revealed by GRACE data, which

we relate to a weakening in the basin's capacity to enhance low flow through base flow.

Scaling exponent values above one indicate that the MRB has behaved as unregulated for high
flow during the last decades, i.e., the basin does not dampen high flow with increasing spatial
scale. This result is unexpected because most previous studies have reported high flow's scaling
exponent values lower than one. However, we relate this MRB's feature with its size (most
previous studies focused on smaller basins) and pronounced spatial variability of rainfall and
LULC. In contrast to low flow, we did not find significant changes in the time series of the
scaling exponent for high flow. In particular, we did not find a relationship between temporal

changes in LULC and the scaling exponents

Studying the whole Magdalena-Cauca river basin, which in contrast to the present study,
includes the Cauca river, Rodriguez et al. (2018) did not find either low flow regulation
weakening or high flow unregulation. These differences arise from using the event approach
in the present study, which, due to data analysis and availability, implied focusing on a sub-
basin (the MRB) that excludes the Cauca river. Furthermore, these differences suggest that the
event approach may introduce significant differences in estimating the scaling properties that

future studies should further consider.
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This study provides theoretical and applied foundations for using the scaling laws to understand
temporal changes of river flow regimes, particularly regarding changes in the basins' regulation
capacity. This understanding is critical for water management decisions and water security

assessments in a changing environment.
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To calculate the Kappa Index, a square matrix is built, its size is given by the number of
categories of land use/cover (N). The values of the main diagonal (C;;) represent the pixels in
which there was no change in the particular category of land use/cover (i). The values on the
outside of the main diagonal (C;;) represent the pixels in which the land use/cover becomes of
the category i in the map 1 to the category j in the map 2. Marginal values are calculated as the
sum of each row or col, and they will be equal to the total area classified in each category by
map. To calculate the Kappa index (K) it is necessary to estimate the proportion (P.) and the
proportion expected by randomness (P,) (Equation 1 and Equation 2 respectively), next using

the Equation 3 the concordance value is calculated. The Kappa matrix allows us to characterize
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rates, probabilities of occurrence, patterns and behaviors in the land use/cover change (Badia
et al., 2019; Cohen, 1960; Table S1).

Table S1. Concordance’s matrix of Kappa.
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Supplementary figure S1. Times series of cover types in the MRB basin for the period
1992-2015.
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Supplementary figure S2. Daily precipitation for each event during 1992-2015. The red
point represents the basin’s outlet.
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Supplementary figure S3. 30-day accumulated precipitation by event in mm/day. The red
point represents the basin’s outlet.
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Table S2. Summary of scaling statistics for high (5,) and low (8,) flows

Year BL In(o) R? p value Br In(a) R? p value

1992 1.07 -5.16 0.85 2.92E-09 | 1.08 -4.66 0.85 2.06E-09

1993 1.10 -5.29 0.83 7.76E-09 | 1.10 -4.61 0.9 3.11E-11

1994 1.11 -4.96 0.86 1.70E-09 | 1.07 -4.22 0.88 3.15E-10

1995 1.04 -4.85 0.85 6.24E-09 | 1.04 -3.83 0.83 6.81E-09

1996 1.13 -5.17 0.83 1.33E-08 | 1.06 -3.85 0.9 9.23E-11

1997 0.97 -4.45 0.81 6.13E-08 | 1.02 -4.20 0.83 6.35E-09

1998 1.03 -4.97 0.81 1.05E-07 | 1.07 -4.08 0.86 7.79E-10

1999 1.04 -3.86 0.85 | 3.16E-09 | 0.94 -2.67 0.83 1.49E-08

2000 1.15 -5.22 0.88 1.68E-10 | 1.01 -3.79 0.86 1.65E-09

2001 1.10 -5.27 0.83 1.11E-08 | 1.14 -4.51 0.86 1.76E-09

2002 1.10 -5.12 0.85 7.38E-09 | 1.07 -3.96 0.85 3.33E-09

2003 1.02 -4.61 0.81 8.90E-08 | 1.05 -4.04 0.9 1.37E-10

2004 1.05 -4.59 0.81 | 3.30E-08 | 0.99 -2.72 0.85 1.07E-08

2005 1.18 -5.55 0.81 1.96E-08 | 0.98 -3.34 0.85 2.07E-09

2006 1.10 -4.99 0.83 8.15E-09 | 1.00 -3.51 0.88 1.92E-10

2007 0.96 -4.06 0.79 4.14E-07 | 1.05 -3.45 0.86 6.19E-10

2008 1.12 -5.19 0.79 5.41E-08 | 1.11 -4.35 0.92 9.96E-12
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2009 1.04 -4.38 0.83 8.73E-09 | 1.10 -4.42 0.85 8.38E-09
2010 0.98 -4.40 0.74 6.76E-07 | 1.06 -3.44 0.94 5.89E-13
2011 1.01 -3.85 0.86 1.07E-09 | 1.07 -3.58 0.96 3.88E-14
2012 0.99 -4.06 0.9 1.80E-10 | 1.09 -4.22 0.88 4.58E-10
2013 1.03 -4.53 0.81 1.98E-08 | 1.10 -4.63 0.83 1.04E-08
2014 1.05 -4.42 0.83 1.27E-08 | 1.02 -3.79 0.9 6.37E-11
2015 1.01 -5.02 0.81 3.75E-08 | 1.12 -4.75 0.81 2.49E-08

Table S3. Summary of moving averages scaling statistics for low (5, ) and high (5,.) flows.

xs:;gg Evento BL p value R? Br p value R?
1 1.07 3.7E-09 0.85 1.09 1.2E-10 0.89

2 1.09 2.0E-09 0.86 1.08 8.8E-11 0.90

3 1.07 1.7E-09 0.86 1.05 1.0E-09 0.87

4 1.09 7.9E-09 0.83 1.04 2.8E-10 0.88

n=2 5 1.06 4.0E-08 0.82 1.04 1.2E-10 0.89
6 1.00 3.4E-07 0.81 1.05 1.1E-09 0.86

7 1.05 7.1E-09 0.87 0.98 4.0E-09 0.84

8 1.08 4.1E-10 0.88 0.95 9.9E-09 0.85

9 1.12 6.3E-10 0.87 1.06 6.9E-10 0.89
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10 1.10 2.9E-09 0.87 1.09 1.1E-09 0.86
11 1.05 1.5E-08 0.84 1.04 3.7E-10 0.89
12 1.02 1.9E-08 0.83 1.01 1.1E-09 0.89
13 1.11 1.6E-08 0.82 0.97 8.7E-10 0.88
14 1.14 1.1E-08 0.83 0.98 2.6E-10 0.88
15 1.03 1.5E-07 0.81 1.02 1.1E-10 0.89
16 1.02 2.0E-07 0.80 1.05 1.5E-11 0.91
17 1.06 8.6E-09 0.83 1.10 2.6E-10 0.90
18 1.01 3.8E-08 0.80 1.05 6.5E-12 0.93
19 1.00 7.4E-09 0.83 1.06 1.4E-14 0.96
20 1.00 3.0E-11 0.92 1.06 1.3E-13 0.95
21 0.99 5.7E-10 0.89 1.08 3.6E-10 0.88
22 1.03 6.0E-09 0.84 1.05 2.6E-10 0.88
23 1.04 7.4E-09 0.83 1.05 4.7E-10 0.88
1 1.08 1.9E-09 0.86 1.08 1.6E-10 0.89
2 1.07 1.9E-09 0.86 1.06 2.8E-10 0.88
n=3 3 1.09 2.8E-09 0.85 1.05 2.2E-10 0.89
4 1.06 3.5E-08 0.82 1.03 3.8E-10 0.88
5 1.06 2.1E-07 0.82 1.05 1.6E-10 0.89
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6 1.04 3.8E-08 0.86 0.98 3.5E-09 0.85
7 1.09 2.4E-09 0.88 0.98 4.3E-09 0.86
8 1.08 4.8E-10 0.88 1.01 4.0E-09 0.86
9 1.12 3.7E-10 0.89 1.05 9.8E-10 0.88
10 1.06 6.5E-09 0.85 1.05 3.1E-10 0.89
11 1.04 1.1E-08 0.84 1.01 1.9E-09 0.89
12 1.08 1.0E-08 0.84 1.01 6.6E-10 0.90
13 111 1.1E-08 0.83 0.97 3.4E-10 0.89
14 1.07 1.3E-07 0.81 1.01 1.8E-10 0.89
15 1.04 1.3E-07 0.81 1.04 1.6E-11 0.91
16 1.01 8.8E-08 0.82 1.05 1.1E-10 0.91
17 1.03 2.5E-08 0.81 1.07 5.0E-12 0.93
18 1.01 6.3E-09 0.84 1.06 2.3E-13 0.95
19 0.99 2.7E-10 0.90 1.06 6.2E-14 0.95
20 1.00 1.0E-10 0.91 1.06 3.5E-13 0.94
21 1.02 2.5E-10 0.90 1.06 1.3E-10 0.89
22 1.02 5.6E-09 0.84 1.06 7.4E-10 0.87
1 1.07 1.7E-09 0.86 1.06 3.4E-10 0.88
n=4
2 1.09 2.7E-09 0.85 1.06 1.0E-10 0.89
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3 1.07 1.7E-08 0.84 1.04 2.9E-10 0.88
4 1.06 2.0E-07 0.82 1.04 3.6E-10 0.88
5 1.07 3.9E-08 0.86 0.99 5.2E-10 0.87
6 1.08 1.8E-08 0.87 0.99 4.9E-09 0.86
7 1.09 3.2E-09 0.88 1.02 2.5E-09 0.87
8 1.09 4.8E-10 0.89 1.01 3.0E-09 0.86
9 1.09 1.2E-09 0.88 1.05 1.2E-09 0.89
10 1.05 5.2E-09 0.86 1.03 2.2E-09 0.88
11 1.08 8.1E-09 0.85 1.01 1.0E-09 0.89
12 1.08 6.6E-09 0.85 1.00 5.6E-10 0.90
13 1.05 1.1E-07 0.82 0.99 4.1E-10 0.89
14 1.07 1.3E-07 0.81 1.02 4.0E-11 0.90
15 1.03 7.8E-08 0.82 1.04 9.9E-11 0.91
16 1.00 2.0E-07 0.80 1.05 1.2E-11 0.93
17 1.03 6.9E-09 0.84 1.07 4.1E-13 0.95
18 1.00 3.2E-10 0.89 1.06 8.0E-13 0.95
19 1.00 4.5E-10 0.89 1.05 7.4E-14 0.95
20 1.01 6.3E-11 0.91 1.05 4.3E-13 0.94
21 1.01 2.7E-10 0.90 1.07 2.9E-10 0.88
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n=5

1 1.08 2.2E-09 0.85 1.06 1.4E-10 0.89
2 1.07 1.7E-08 0.84 1.05 1.5E-10 0.89
3 1.07 1.0E-07 0.84 1.05 3.0E-10 0.88
4 1.06 4.4E-08 0.85 1.00 7.2E-10 0.87
5 1.09 2.3E-08 0.86 1.00 1.4E-09 0.88
6 1.09 2.3E-08 0.86 1.02 3.0E-09 0.86
7 1.09 3.6E-09 0.89 1.02 2.2E-09 0.87
8 1.07 8.5E-10 0.88 1.01 3.9E-09 0.88
9 1.07 1.5E-09 0.88 1.03 1.6E-09 0.89
10 1.08 4.8E-09 0.86 1.03 1.3E-09 0.89
11 1.08 5.7E-09 0.85 1.00 6.8E-10 0.90
12 1.04 3.5E-08 0.86 1.02 6.7E-10 0.90
13 1.05 1.1E-07 0.82 1.01 1.2E-10 0.91
14 1.05 8.3E-08 0.82 1.03 1.9E-10 0.90
15 1.01 1.5E-07 0.81 1.04 1.8E-11 0.92
16 0.99 7.4E-08 0.83 1.05 6.6E-13 0.95
17 1.02 5.6E-10 0.89 1.07 1.1E-12 0.94
18 1.00 4.7E-10 0.89 1.06 1.1E-12 0.94
19 1.01 2.2E-10 0.90 1.05 1.0E-13 0.95
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