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Abstract. A major challenge in present-day hydrological sci- I. The results of this study help identify the minimal scale

ences is to enhance the performance of existing distributedo study overland flow connectivity. At scales larger than the
hydrological models through a better description of sub-minimal scale, the RSC function showed a great potential to
grid processes, in particular the subgrid connectivity of flow be extrapolated to other scales.

paths. The Relative Surface Connection (RSC) function was
proposed by Antoine et al. (2009) as a functional indicator

of runoff flow connectivity. For a given area, it expresses the

percentage of the surface connected to the outflow boundar}
(C) as a function of the degree of filling of the depression
storage. This function explicitly integrates the flow network

Introduction

The concept of connectivity, applied in many disciplines,
at the soil surface and hence provides essential information"ilims at characterizing the behavior of heterogeneous systems

regarding the flow paths’ connectivity. It has been shown that?ciﬁrd'ng tto t?e |fn|tr|n3|c organlzatmnt_o f the heteroge_rseltles.
this function could help improve the modeling of the hydro- n the context of landscape connectivity, connectivity can

graph at the square meter scale, yet it is unknown how thé’e defined as the degree to which the landscape facilitates
it carP’ impedes movement between resource patches (Taylor et

be extrapolated to other scales. The main objective of thi?l" 1993). In hydrology there is still no consensus about the

research is to study the scale effect on overland flow connec(—je‘c'r"tIon of hydrological connectivity (Bracken and Croke,

tivity (RSC function). For this purpose, digital elevation data 2007; Aliand Roy, 2009). H(_)V\_/ever, by analogy with the con-
of a real field (9 3m) and three synthetic fields {66 m) cept of landscape connectivity, overland flow connectivity

with contrasting hydrological responses were used, and thfan be defined as the degree to which the surface morphology

RSC function was calculated at different scales by changin acilitates or impedes overland flow. This definition, as well
the length [) or width (w) of the field. To different extents as the landscape connectivity concept, integrates two sub-

depending on the microtopography, border effects were opconcepts: structural and functional connectivity (Tischendorf
served for the smaller scales when ,decreasitmgw which and Fahring, 2000). Structural connectivity describes the ex-

resulted in a strong decrease or increase of the maximum gdent to which the surface morphology units, such as depres-

pression storage, respectively. There was no scale effect onons, aré linked to each other. It can be derived from topo-

the RSC function when changing, but a remarkable scale graphical information. Functional connectivity describes the
effect was observed in the RSC ’function when changing effect produced by the surface morphology on the process of
In general, for a given degree of filling of the depression overland flow. Functional connectivity must therefore be de-

storage,C decreased asincreased, the change @ being rived from a combination of topographical information and

inversely proportional to the change linHowever, this ob- hygrololgicdalfrlnodgling. ially distributed ff d
servation applied only up to approx. 50—70 % (depending orb verland flow is a spatially distributed process affecte

the hydrological response of the field) of filling of depression Ay ?ﬁth th? m?crto éme’;}ers) andd_rpficro gr?illitmeters])c tshcales.
storage, after which no correlation was found betw€eand s the scale of study changes, difierent teatures ot the sur-
face become relevant and govern the hydrological response
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of the area of study. At the finest scale, soil roughness playsequirements. Yet even more problematic would be the acqui-
an important role through its effect on flow velocity. This ex- sition of such data over large areas. Hence, subgrid connec-
tensively studied effect is incorporated in hydrological mod- tivity functions, able to differentiate between different sur-
els as a friction factor. As the scale increases, the surfacéace morphologies having different hydrological responses,
morphology increasingly influences overland flow (Darboux must be developed in order to improve the prediction of flows
et al., 2002b). Indeed, the surface microtopography exertst the hillslope and small watershed-scale scale without crit-
a control over the infiltration process through its effects onically increasing computation time and data requirements of
the spatial heterogeneity of surface sealing (Langhans et aldistributed hydrological models.
2011). Furthermore, the spatial configuration of the system, As subgrid connectivity is expected to be scale-dependent,
formed by water-contributing sources, water-accepting sinksextra attention must be paid in order to select an appropriate
(depressions) and connecting links (e.g., small rills betweersize of the grid cell. Some studies have reported the existence
depressions), determines the hydrological response of thef a representative elementary area (Wood et al., 1988) or
system. The study of the spatial configuration by geostatisticéength scale (Julien and Moglen, 1990) that could serve to de-
(e.g., the semivariogram) or landscape metrics allows comtermine the grid cell scale in hydrological models. Firstly, the
parison and classification of dominant processes and magrid cell must be sufficiently large to be representative of the
partly explain the hydrological response. However, it is not process of overland flow connectivity at the plot scale, i.e., all
adequate for predictive purposes in terms of hydrological rethe components and the relationships between them must be
sponse and connectivity (Van Nieuwenhuyse et al., 2011). represented (Ali and Roy, 2009). Secondly, it must minimize
From the hillslope to the small watershed scale, distributedborder effects so as to neither miss nor modify some of these
hydrological models frequently use “plot size” (1-100m components. In addition, slope length has been observed to
grid cells allowing for an explicit analysis of overland flow influence the response of the overland flow, showing a lower
connectivity. However, such hydrological models do not ex-runoff coefficient with increasing length (Van de Giessen et
plicitly treat overland flow connectivity below the grid cell al., 2000; Cerdan et al., 2004). It has generally been assumed
size. Overland flow processes in each grid cell are generallyhat this results from the spatial variability of rainfall and in-
represented by two effective parameters, the maximum defiltration capacity (Yair and Lavee, 1985). Yet this effect has
pression storage (i.e., maximum volume of water that the soiblso been observed on homogenous hillslopes, in which case
is able to store in surface depressions) and the friction factoit was attributed to a change in residence time (Stomph et al.,
(i.e., resistance to flow) (Singh and Frevert, 2002; Smith et2002). According to the definition of overland flow connec-
al., 2007), which have been found neither to reflect overlandivity mentioned above, connectivity is expected to decrease
flow processes realistically at the subgrid scale nor to allowwith increasing slope lengths, since the probability for the
for proper discrimination between different hydrological re- water flow to encounter depressions is higher. However, the
sponses (Antoine et al., 2009). effect of slope length on overland flow connectivity and the
Generally, hydrological models assume that the generatiomunoff coefficient is still unclear.
of overland flow only starts after the maximum depression In order to analyze and quantify the effect of scale on over-
storage is reached (Singh and Frevert, 2002). However, thitand flow connectivity, a functional connectivity indicator
assumption underestimates the surface connected to downmvas selected, the so-called Relative Surface Connection
stream areas and hence the volume of runoff generated befo(®&SC) function (Antoine et al., 2009). It expresses the per-
the complete filling of depressions (Antoine et al., 2011). In centage of the surface connected to the outflow boundary
reality, depressions progressively overflow and water flowsof a grid element as a function of the degree of filling of
either to nearby depressions, or to the outflow boundary (Onthe depression storage. This function explicitly integrates the
stad, 1984; Darboux et al., 2002b). As depression storage inflow network at the soil surface and hence provides essen-
creases, a larger area of the field becomes connected and caiel information regarding the flow paths’ connectivity. It can
tributes to the overland flow generation. This gradual proces®e calculated much faster than the full resolution of the St.
delays the initiation of the overland flow, and hence of the hy-Venant equations and it has shown good results in captur-
drograph. A better understanding of the connectivity dynam-ing runoff-relevant connectivity properties compared to other
ics, which drive the hydrological response of a system at dif-connectivity indicators (Antoine et al., 2009). By adding sur-
ferent scales (Lexartza-Artza and Wainwright, 2009), shouldface detention dynamics to the RSC function (Antoine et al.,
improve current hydrological modeling and runoff prediction 2011), this connectivity function also allowed to simulate in
(Western et al., 2001; Mueller et al., 2007). a simple way experimental hydrographs. Moreover, it could
In order to fully take into account overland flow connec- potentially be integrated in hydrological models in a man-
tivity at the hillslope and small watershed scale, it would be ner similar to the Probability Density Model (PDM) (Moore,
necessary to provide hydrological models with subgrid mi-2007), which implements the subgrid variability of the “soil
crotopographical information. The use of a high resolutionabsorption capacity” as a probability density curve.
DEM (cm—mm resolution) in hydrological models would  The RSC function showed very promising results at the
strongly increase the input data and the computation timesquare meter scale but, as a functional connectivity indicator,
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it may be scale-dependent and affected by border effectsTable 1.Main characteristics of the microtopographies.
However, it is unknown how changes in scale affect the RSC

function and whether and how the RSC function can be ex- Synthetic Fields
trapolated to other scales. Real field River Random Crater

The objective of this study is therefore twofold. The first  size [mx m] 3x3 6x6 6x6  6x6
objective is to study the effect of changing scale on the RSC Spatial resolution [mm pixer] 3 0 10 10

. . @ . Th Slope [%] 6.6 66 6.6 6.6

function for scales ranging from 0.18To 36 . € sec- Standard deviation of elevation [mm] 1.8 1.3 13 1.3
ond objective is to investigate the potential of the RSC func- Semivariogram - sill [mr 80-110 100 100 100
H Semivariogram — range [mm] 600 100 100 100
tion to be extra}polatgd to larger scales. For these PUrpOSes, [ sion storage [mm] 0.53 o5 1275 o285
the RSC function will be calculated and compared at dif- percolation threshold 0.66 0.77 075 0.73

ferent scales and for different microtopography types. The I[relative depression storage]

present study focuses on the hydrological connectivity at the

plot scale, considering no interferences from infiltration, i.e.,

the infiltration capacity of the soil is assumed to be spatiallythis method: (a) “river”, (b) “crater” and (c) “random” type

homogeneous, constant over time and lower than the rainfalfFig. 1; Antoine et al., 2009). The “river” type microtopog-

intensity. These assumptions, which do not take into accountaphy presents high areas connected by a system of rills.

the effect of the spatial heterogeneity of the soil hydraulicOn the other hand, the “crater” type, which is the reverse

conductivity on surface runoff (Langhans et al., 2011), nev-of the river type, presents a system of crests that isolate

ertheless facilitate the study of the effects of the surface morthe depressions from each other. The “random” type mi-

phology and scale on overland flow. crotopography is an intermediate scenario represented by a
standard multi-Gaussian synthetic field. The three synthetic
fields are characterized by values of sill (100 fj)iand range

2 Materials and method (100 mm) of the semivariogram also observed in real fields
(Vidal Vazquez et al., 2005) and experimental plots (Darboux
2.1 Characteristics of the microtopographies et al., 2002b). A slope equal to the natural slope (6.6 %) of

the real field was also added.

Two types of DEMs were used, real and synthetic. First,
we used the DEM from a field located near Fort Collins, 2.2  Filling algorithm and Relative Surface Connection
Colorado (USA), obtained by laser scanning (courtesy of (RSC) function
the USDA-ARS Agricultural Systems Research Unit in Fort
Collins). The field had been under grassland but the grass had filling algorithm (Antoine et al., 2009) was used to evaluate
been killed chemically and left to decay before scanning. Thethe overland flow connectivity. This method calculates a sim-
total size of the DEM is 9.5 nx 4.8 m, the spatiat-y reso-  plified hydrograph in which the velocity of the water is infi-
lution is 1.5 mm and the vertical resolution is 0.5 mm. The nite and infiltration is not considered. A uniform rainfall is
natural slope of the field is 6.6 %. In order to avoid border applied over the digital elevation model (DEM) of the study
effects that may have been generated during the process a@frea. At every time step, a certain volume of water is applied
obtaining the DEM, this study focuses on the central areajn every pixel of the DEM. These volumes of water “walk”
with a size of 9 mx 3m. This was also guided by the need to over the DEM to the lowest pixel selected by an 8-neighbor
have three square replicate areas of the largest possible sizgheme until they reach a depression or the outflow bound-
(in this case, 3 nx 3 m). For computational reasons, the spa- ary. In a depression, this volume of water is stored as depres-
tial x-y resolution of the DEM was reduced to 3mm. The sion storage. Once the depression overflows, any excess of
semi-variograms of the three replicates had a range of apwater flows to the next depression or to the outflow bound-
proximately 600 mm and a sill of 80—110 rr(iTable 1). ary. Since the water velocity is infinite, surface detention, i.e.

Secondly, in order to evaluate the scale effect in scenarwater that is not trapped in depressions, is removed at every
ios with different hydrological characteristics and connectiv- time step (Antoine et al., 2012). When a drop reaches the out-
ity patterns, synthetic fields with contrasting microtopogra- flow boundary it is added to the hydrograph. Since both the
phies were generated using a method developed by Zininfiltration and the transfer time are nil, the ratio of instanta-
and Harvey (2003) and adapted by Antoine et al. (2009).neous outflow to the instantaneous inflow corresponds to the
The synthetic fields present identical statistics in terms ofpercentage of the total area connected to the outflow bound-
mean elevation, standard deviation and semivariogram. Howary (C). Thus, this ratio will be equal to 1 when 100 % of the
ever, they have different connectivity patterns. This methodsurface of the study area is connected to the outflow bound-
also allowed us to study the scale effect at larger scalesry. At that point, depression storage reaches its maximum
compared to the real field case, yet the size of the fieldssalue, i.e., the dead storage zone is completely filled.
was nevertheless limited for computational reasons. Three The relative area connected to the outflow boundary can
different types of microtopographies were generated usinge represented in a simplified hydrograph as a function of
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Fig. 1. Detail of the four microtopography types (2x2 m) with Fig. 2. Example of Relative Surface Connection (RSC) function and
depressions partially filled with water (in blue) in order to highlight connectivity evolution (areas connected to the bottom boundary are
the contrasting connectivities. shown in black).

the cumulative input of water. In this case, the area under thavidth and length will be defined in function of the observed
simplified hydrograph is equal to the cumulative volume of change in the MDS. Although the full width and legth of the
outflow [m?] and the area betweefi=1 and the simplified plot are needed to estimate the MDS with the highest accu-
hydrograph corresponds to the MDS (maximum depressionacy, in practice, a small error on the estimation of the MDS
storage). Based on this, we can represemis a function of may be acceptable. This acceptable error was arbitrarily set
the depression storage (Fig. 2). This is known as the Relativat 10 % of the MDS whemw — oo or! — oo in the present
Surface Connection (RSC) function, which is a functional study. The value of the corresponding width and length will
connectivity indicator that is able to discriminate well among be referred to as the “representative width” (Table 2) and
surfaces with differing levels of connectivity and that can po- “representative length” (Table 3), and will be used to quantify
tentially be implemented in hydrological models (Antoine et and compare the scale effects between the four microtopog-
al., 2009). raphy types.

2.3 Process of plot fragmentation and calculation of the
RSC function 3 Results

Two different scale effects were considered, i.e., changingz.1 Real field

the width of the plot area and changing the length of the plot

area. Therefore, the area was first divided into narrower ar3,1.1  Scale effect produced by changing only the width
eas (from 1/2 up to 1/32 of the initial width) keeping the ini-

tial length constant, and secondly the area was divided intaWhen representing the average RSC function for each width
shorter areas (from 1/2 up to 1/32 of the initial length) keep-in the same graph (Fig. 4a), a gradual shift of the RSC func-
ing the initial width constant (Fig. 3). The process of frag- tion to the left is observed, indicating a gradual decrease of
mentation of the plots and the calculation of the RSC func-the MDS with increasing width. This decrease in MDS is in-
tion was exactly the same for all the fields. After the plot versely proportional to the width, tending asymptotically to a

areas were divided, the filling algorithm was run in each of constant value (Fig. 4b). This can be represented adequately
these sub-areas in order to obtain their RSC function. Finallypy the following expression (Eq. 1):

for a given scale, the RSC functions obtained in each sub-

area were ayeraged in order to compare overland flow CO”MDS(w) _ k Lo, B
nectivity at different scales. w
2.4 Representative width and length where MDS is the maximum depression storage [mm] for

a given widthw [mm] of the plot, k [mm] is a constant
In order to identify the minimal scale at which overland flow (Table 2) whose value reflects the magnitude of the asymp-
connectivity can be studied, a representative width and lengthotic decrease of the MDS when increasing the width of the
were defined. Since border effects are expected to mainlyplot, andv represents the MDS whem tends to infinity
cause variations in the MDS of the field, the representativegMDS,,— o).
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Table 2. Parameters of Eq. (1) when changing width),( good-
ness of fit expressed as the sum of squares (SS) and the pseudo g 1.6f (b) —7, T
R-squared, and representative width for the four microtopography E 14l —— MDS,y_0 +/- 10%
types. % ' - Equation 1
§ 1.2+ .
Sum of Representative n 1
MDS k v squares Pseudo width _5
[mm]  [mm] [mm] [mm?]  R-squared [mm] ﬁ 0.8t
Real 0.53 60 051 0.00036  0.99860 1200 go 6l
River 0.5 145 0.47 0.00451  0.96952 2500 Q-
Random 1.275 129 126 0.00102  0.99131 1100 € 0.4l
Crater 255 222 252 0.00145  0.97064 900 g
= 0.2t
=

OO

500 1000 1500 2000 2500 3000
A “representative width” can be defined based on an ac- Width [mm]

0 [ ls i -
ceptable e.rror of 10% On.M oo (Table 3). Thls accept Fig. 4. Real field — effect of plot width on the average RSC function
able error is represented in Fig. 4b as dashed lines. : ; i
d he sh f the diff f (a) and on the maximum depression storage (M) The num
. In order to compare the shape of the di _erent RSC UNC-pers in parentheses indicate the number of connectivity curves used
tions, the depression storage was normalized by the valugy; caiculating the average RSC functions. Vertical bars = standard

of the maximum depression storage for each scale (Fig. S)deviations. The arrow indicates the representative width. All the
This way of representing the RSC function shows that theplots are 3m long.

shape is little affected by width except for the two smallest

scales (width=0.188 m and 0.09 m), which present a strong

deviation in the last third of the function (relative depres- As was done for width, a “representative length” can be

sion storage approximately 2/3). These two curves show defined based on an acceptable error of 10 % on MRS

a displacement to the right, i.e., for the same value of rela{Table 3). This acceptable error is represented in Fig. 6b as

tive depression storage the connectivity is lower for the twodashed lines.

smallest scales as compared to the larger scales. Unlike what was observed when changing width, chang-
ing length not only changes the MDS but also the shape

3.1.2 Scale effect produced by changing only the length  of the RSC function (Fig. 7). The shorter the slope length,
the higher the connectivity is for the same value of rel-

When changing the length for a constant width of 3m, theative depression storage. The RSC function tends from a

average RSC functions show the opposite trend than was ok:oncave shape for the largest plot lengths to a straighter

served when changing the width. The RSC function shows £F even convex shape, especially for the smallest scales

gradual shift to the right as the plot length increases (Fig. 6a)(length=0.1875m and 0.09 m).

i.e., a gradual increase of the MDS with increasing length.

This increase in MDS with plot length can also be fitted ad-

equately by Eq. (1), after replacing by [ and withk <0

(Fig. 6b). The corresponding parameters are provided in Ta-

ble 3. In this casey represents the MDS whentends to

infinity (MDS;_ o0).
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Table 3. Parameters of Eg. (1) when changing length ¢ood- Real Field
ness of fit expressed as the sum of squares (SS) and the pseudmg 1r
R-squared, and representative length for the four microtopography NE 0.9l @
es. —
typ B osl
8
Sum of Representative £ 0.7r
MDS k v squares Pseudo length 3
[mm]  [mm] [mm] [mm?]  R-squared [mm] < 0.6r
>
Real 053 —23 055 0.00059  0.93334 400 ug 0.5¢
River 05 —16 0.50 0.00009  0.95344 300 °
Random 1.275 -71 129 0.00026  0.98167 600 g 04 0.09 m (100)
Crater 255 —237 257 0.00385  0.99702 950 o3 0.1875 m (48)
o 0.375 m (24)
g02 —0.75m (12)
Real Field 01 —15m(6)
1 £ —3ImE)
< 0.09 m (100) © % 01 02 03 04 05 06
£ 0.1875 m (48) Depression storage [mm]
g 0.8/|—0.375m (24) Real Field
= —0.75m (12)
a 29°|—3m @) EOfy— —— — — — - — — — —
n < ®
mE 8 % ........................................
< £ 04 5057ﬁi~ 77’*7777{
" 3 )
E s 5§04
0 .g02 B |
o 203
I oy
0 ‘ ; ‘ ‘ ‘ a —MDS_,o
0O 02 04 06 08 1 g 02 —MDSic, +/-10%
Relative depression storage (Ds / Max Ds) [mm/mm] E o1 ~Equation 1
g b
Fig. 5.Real field — effect of plot width on the normalized RSC func- = (b)
tion. Depression storage (x-axis) was scaled by the maximum de- % 500 1000 1500 2000 2500 3000
pression storage. The numbers in parentheses indicate the number Length [mm]
of connectivity curves used for calculating the average normalized
RSC functions. All the plots are 3m long. Fig. 6. Real field — effect of plot length on the average RSC function

(a) and on the maximum depression storage (M8) The num-
bers in parentheses indicate the number of connectivity curves used
L for calculating the average RSC functions. Vertical bars = standard
3.2 Synthetic Fields deviations. The arrow indicates the representative length. All the
plots are 3 m wide.
3.2.1 Scale effect produced by changing only the width

As for the real field, when increasing the plot width, a grad- The shape of the RSC function, as for the real field, is
ual shift of the RSC function to the left is observed (Fig. 8), little affected by a change in width, except for the smallest
reflecting a gradual decrease of the MDS. MDS decreasesalues of width (Fig. 10). For the random and river types,
asymptotically towards a constant value as the width is in-this deviation is only observable at the two smallest scales
creased (Fig. 9), which can be represented adequately bgvidth=0.375m and 0.188 m) in the last third of the RSC
Eq. (1). The corresponding parameters are provided in Tafunction. For the crater type, a deviation is also noticeable in
ble 2. MDS, .« increases gradually from the river to the the last third of the RSC function for the intermediate widths
crater topography. As indicated by the k-values, the asymp{width =0.75m and 1.5 m).

totic decrease of MDS with increasing widths is most pro-

nounced for the crater microtopography. However, astherep3.2.2 Scale effect produced by changing only the length
resentative width is determined based on an acceptable rela-

tive error of 10 % on the estimation of MRS, », the river  When reducing the length and keeping the initial width (6 m),
microtopography is characterized by a higher representativéhe average RSC functions show the opposite effect com-
width (2500 mm) as compared to the random and crater mipared to when changing the width, just like the real field.
crotopographies that show smaller yet similar representativédgain, there is a gradual shift of the RSC to the right with in-
widths (1100 mm and 900 mm respectively). creasing length (Fig. 11). The MDS increases asymptotically
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of connectivity curves used for calculating the average normalized 5 —15m (4)
RSC functions. All the plots are 3 m wide. I eoe|—3mQ
Yy —6m(1)
towards a constant value as the length increases (Fig. 12), ﬂ “05;0'4’
which can be fitted by Eq. (1) after replacingoy . The cor- "E 5
responding values d@f (k < 0) andv are given in Table 3. As o % 0.2
indicated by the k-values, the river microtopography tends "
more rapidly to its asymptotic value than the random or crater 0 05 i s 5
microtopographies. The representative length increases from “Depression storage [mm]
the river (300 mm) to the crater type (950 mm). Crater type
As for the real field, a reduction in length not only causes _ Yr—o1smEm 32
a decrease in MDS but also a change in the shape of the E 0.375 m (16)
RSC functions. For a given value of the relative depres- g 08-—0.75m (8)
sion storage, a decrease in connectivity is observed as the " g |~ 15m()
length increases (Fig. 13). The RSC function tends from  » § 0.6—:228
a concave shape for the largest plot lengths to a straighter & §
or even convex shape, especially for the smallest scales .» Q 0.4l
(length=0.375m and 0.188 m). The change in the shape of £ 3
the RSC function is least pronounced for the river type and © E 0.2
most pronounced for the crater type. g
1l
% 1 2 3 4
4 Discussion Depression storage [mm]
4.1 Scale effect on the MDS Fig. 8. Synthetic fields — effect of plot width on the averaged RSC

function for the river, random and crater type microtopographies.
For all the cases studied, a gradual increase or decrease of tA8€ numbers in parentheses indicate the number of connectivity
MDS has been observed when decreasing the width or th&Urves used for calculating the average RSC functions. All plots
length, respectively. This can be explained by the increasing"® & ™ long:
influence of the lateral and bottom boundaries when reduc-
ing the scale, i.e., by two border effects. On the one hand,
the reduction of the width causes the interruption of the con-connectivity process. The connections between depressions
necting paths between depressions (Figs. 4b and 9). Below are not completely included in this area and consequently
certain scale, the deviation of the MDS from the MRS, water has to find new paths to reach the outflow boundary.
starts to be considerable. Below this scale, the area betweerhese new paths require higher levels of stored water, i.e.,
the virtual lateral plot boundaries is not able to representthe depth of water needed to overflow the depressions gets
adequately all the components involved in the functionalhigher, and consequently the value of MDS increases. On
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Fig. 9. Synthetic fields — effect of plot width on the maximum de-
pression storage for the river, random and crater type microtopogra- 1
phies. Vertical bars = standard deviations. The arrows indicate the
representative width. All the plots are 6 m long.
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the other hand, when the plot length is reduced below a cer-
tain scale (Figs. 6b and 12), the resulting area becomes less
and less representative of all the components that cause the
accumulation of water in the depressions (i.e., barriers in the
direction of flow). In other words, as the length decreases, a
larger proportion of depressions gets crossed by the virtual

downstream outflow boundary, and hence they get more eas- oO 32

C [mss'llmss'l]
ratio of surf. connected [m2/m2]
o
>

o
[N

04 06 08 1

ily connected to it. _ Relative depression storage (Ds / Max Ds) [mm/mm]
These two border effects affect all the microtopography Crater type

types similarly in a qualitative way but differently in a quan- 1

titative way. In order to quantify and compare these effects - 8';%5mm(1(2)2)
between the different microtopography types, a representa- N‘é 08 075 m ®)
tive scale was defined based on an acceptable deviation of £ —15m (4)
the MDS by 10% from its asymptotic value (Figs. 4b, 6b, 3 —3m(2)

9, and 12). This representative scale represents the width or HL § 0.6/|—6m (1)
length below which the border effects start to be consider- » §

able, i.e., the plot is neither long enough nor wide enough to HE ; 0.4l

be representative of the process of overland flow connectivity — .» 2

occurring at larger scales. A 10 % deviation from MRS, E5

or MDS,_,, was selected since smaller deviations of the © % 0.2

MDS would barely affect results in hydrological modeling.
Indeed, in our study, MD&., ., of MDS;_, o, values ranged 0 ‘ ‘ ‘ ‘ ‘
from 0.5 mm to 2.5 mm, such that a 10 % relative error would R 0 02 04 06 08 1
. elative depression storage (Ds / Max Ds) [mm/mm]

lead to an absolute error comprised between 0.05mm and
0.25mm. We believe that having a greater accuracy on therig. 10. Synthetic fields — effect of plot width on the average nor-
MDS would not be relevant for most practical applications, malized RSC function for the river, random and crater type micro-
whereas accepting a higher relative error, especially in fieldsopographies. Depression storage (x-axis) was scaled by the maxi-
with high values of MDS, might lead to a substantial bias in mum depression storage. The numbers in parentheses indicate the
hydrograph estimation. number of connectivity curves used for calculating the average nor-

The proposed representative scale provides a measure 8talizéd RSC functions. All plots are 6 m long.
the sensitivity of the different microtopographies to these two
border effects. It is calculated using Eqg. (1) (Tables 2 and
3). When plotted as a function of MRS, or MDS;_
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River type 3
1 s
€ E
g o
NE 0.8+ =
=1 S 2t/ — MDS,o,
j5 n —— MDS,_,+/- 10%
L 506 R Equation 1
a0 @
mm% @ 777777777Rand0m
£ 8,4 0.1875 m (32) 5 g ————
05T 0.375 m (16) a
E 2 0.75m (8) E
0.50-2’ —15m (4) £ e [RIVET
8 —3m(2) g
! —6m(1) ‘ ‘ ‘
0 L L L L T
0 01 02 03 04 05 06 Zool?ength [mm4]000 6000

Depression storage [mm]

Random t . - .
andom bype Fig. 12. Synthetic fields — effect of plot length on the maximum

depression storage for the river, random and crater type microto-
pographies. Vertical bars = standard deviations. The arrows indicate

"t
= 0.8
% the representative length. All the plots are 6 m wide.
1 % 0.6
— O V.01
:w g higher sensitivity of the MDS to changes in width for the
£ 204 0.1875 m (32) river microtopography compared to the other microtopogra-
o 3 8'%5mm(é)16) phies. On the other hand, Fig. 14b shows an increase of the
%Eo_z 7125m(4) representative length as thg Mp,S,ot increases. This in-
8 —3m(2) crease seems to be approximately linear and, as opposed to
" ‘ =tm@®) the width border effect, the length border effect shows the
0 0.5 1 15 i i ; :
Depression storage [mm] highest sensitivity to changes in _Iength for t_he crater micro-
Crater type topography and a lowest sensitivity for the river one.

These differences between the width and the length border
effect and between different microtopographies can be ex-

£
‘“E 0.8 plained by the preferential directions of flow and the different
g mechanisms of overland flow connectivity. Since a constant
594 slope of 6.6 % was applied to all the microtopographies, the
:m § preferential direction of flow is expected to follow the max-
£S04 8%%5[“”‘(1(2)2) imum slope direction, parallel to the lateral boundaries, un-
2 075 m ®) til the bottom boundary. However, flow paths in the direction
E E 0.2 —1.5m (4) perpendicular to the lateral boundaries may also be important
© g —3m (2 for the overland flow connectivity. This is the case of the river
" ‘ ‘ ‘ =bm@ microtopography, which is the most sensitive to the width
0 05 1 15 2 2.5 3 border effect. The mechanism of overland flow connectivity

Depression storage [mm] in this microtopography type is based on connections by a

Fig. 11.Synthetic fields — effect of plot length on the averaged RSC SySt_em of narrow rills wthh do not follow a preferentlal di-
function for the river, random and crater type microtopographies.'€ction. When these rills are blocked by the virtual lateral
The numbers in parentheses indicate the number of connectivipoundaries, water must overflow higher areas of the plot to
curves used for calculating the average RSC functions. All plotsflow either to other rills or down to the bottom boundary.
are 6 m wide. As a consequence, the overland flow process changes from
a connectivity-driven process to an overflow-driven process
as width decreases, causing a higher storage of water inside
(Fig. 14a and b), the sensitivity of the four microtopography the disconnected areas, i.e., an increase of the MDS. On the
types to scaling can be compared. contrary, connectivity in the crater microtopography, which
On the one hand, Fig. 14a shows a decrease of the reps the least sensitive to the width border effect, is already
resentative width as the MRS, » increases. This decrease driven by an overflow mechanism, meaning that water stored
seems to follow a linear trend except for the river microto- in depressions must overflow the system of crests to flow ei-
pography whose representative width is approximately douther to other depressions or down to the outflow boundary.
ble of the real microtopography, even though they both haven this case, water overflows the crests located at the lower
approximately the same value of MRS . This shows a  part of the depressions, thus overland flow tends to follow
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— Fig. 14. (a) Representative width as a function of the MDS value
I % 06 for w — oo for the four microtopography types afio) representa-
g tive length as a function of the MDS value fbr> oo for the four
&) [] H
3 microtopography types.
FI:\E « 0.4 0.1875 m (32) pography typ
& 7 0.375 m (16)
E 5 0.75m (8)
O £o2 —15m (4) . .
g —3m (@) Conversely to the width border effect, as the length is de-
" —6m (1) creased the mechanism of connectivity becomes less based
90 0.2 ’ 04 06 o8 1 on the overflow of depressions since a larger proportion of
Relative depression storage (Ds / Max Ds) [mm/mm] depressions gets crossed by the downstream outflow bound-

ary, and consequently the MDS gradually decreases. In the

malized RSC function for the river, random and crater type micro- crater microtopography, Whlc.h.ls f{he most sensitive o the
topographies. Depression storage (x-axis) was scaled by the maxl-em:“lth border effect, connectivity is driven by an overflow

mum depression storage. The numbers in parentheses indicate ttﬁgocesslfor large lengths, as explained above. Nevertheless,
number of connectivity curves used for calculating the average nordepressions located downstream and crossed by the outflow

malized RSC functions. All plots are 6 m wide. boundary get directly connected since water does not need
to overflow the system of crests. On the contrary, in the river
microtopography, which is the least sensitive to the length
the maximum slope direction, which is parallel to the lateral border effect, overland flow from higher areas is stored in
boundaries. Since water tends to flow parallel to the laterathe system of rills. This mechanism of connectivity stores
boundaries, the latter are less likely to block connections bea very low volume of water since most rills are intercon-
tween depressions, and as a consequence, reducing the widtlected. Only locally disconnected areas, which need to over-
has a lower impact on the connectivity process and on thdlow to get connected, store a significant volume of water.
MDS. Therefore, the length border effect is considerable only when

Fig. 13. Synthetic fields — effect of plot length on the average nor-
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the downstream outflow boundary crosses a large fraction of e 15m/3m

these isolated areas, which only occurs when the length of —-mean 1.5m/3m

the plots becomes very small (i.es300 mm for the river —=0.75m/3m Real Field
. 12 |—mean0.75m/3m

microtopography). 0375m/3m
For the two other microtopography types, real and ran- 1 mean 0.375m /3 m

dom, the sensitivity to the two border effects is, as expected, 0.1875m /3 m

comprised between the two extreme cases, river and crater 0.8 mean 0.1875m /3 m

(Fig. 14). The width border effect affects the real and random giggnmof 039";1 Jam

types to a slightly higher extent than the crater type but con-
siderably less than the river type. This suggests that the pref-
erential direction of flow is parallel to the lateral boundaries. Y
In addition, the connectivity mechanism for the real and ran-
dom microtopographies appears to be intermediate between

Cref) / C()
2 &

o
)

the overflow of depressions and the connection through rills. 0 : ‘ : ‘ ;
. ) g 0 0.2 0.4 06 0.8 1
However, since the representative length of the real microto- Relative Depression storage (Ds / Max Ds) [mm/mm]
pography is closest to the river type, the connectivity mecha- Real Field
nism may be predominately based on rill connections rather 1 ®)
than the overflow of depressions.
As shown above, the sensitivity to border effects depends 0.8}
on the preferential direction of flow and the hydrological re-
sponse of the field. Even microtopographies with the same =06
statistical properties (Table 1) showed different sensitivities bt
to border effects and “representative” scales. This is ex- E ©15m/3m
plained by the fact that these statistics can be considered as 304 0075m/3m
structural indicators whereas the RSC function is a functional 0.375m/3m
indicator. Structural indicators such as the semivariogram 0.2 8'3273 ;n;n::m
can be useful to describe the spatial heterogeneity (Western —11
et al., 1998), and as a heterogeneity index they can be in- 0 ‘ - ‘ - ‘
terpreted as a link between pattern and process (Gustafson, 0 02 04 06 08 !
I/ Iref [m/m]

1998). As opposed to functional indicators, they are, how-
ever, not able to adequately account for the complexity ofFig. 15.Real field — scale effect when changing the leng#ra-
overland flow patterns. In the case of the synthetic fields,tio of connectivities at different scales as a function of the relative
spatial statistics such as the semivariogram are furthermoréepression storage. Horizontal dashed lines correspond to the mean
scale-insensitive. Functional connectivity indicators like the Value of the connectivity ratio calculated over the range RDS=0 to
RSC are needed to study how connectivity is affected by the’PS= 0'6_2'@ Correlat'f)n betwe'.an the scale ratios a_nd the ratios
border effects. Not only do functional connectivity indicators 2 COTnectivities for the firsttwo thirds of the RSC function. Vertical
. . Ty lines = standard deviation. All the plots are 3 m wide.

help identify the sensitivity to border effects but they may
also help understand the connectivity process and discrimi-
nate between different mechanisms of connectivity.

4.3 Scale effect on overland flow connectivity produced
4.2 Scale effect on overland flow connectivity produced by changing only the length

by changing only the width

When length decreases, it not only produces a decrease in
Apart from the border effect on the MDS when changing the MDS but also a considerable increase of the connectiv-
width, the shape of the RSC function does not seem to béty, as can be seen from a comparison of the normalized RSC
considerably affected by a change in width (Figs. 5 and 10) functions (Figs. 7 and 13). In order to quantify the change in
Only when the width of the sub-areas of study is less than ashape of the normalized RSC function, the connectivity value
certain scale<£ 0.375m) do border effects get more notice- of the largest field” (Iref), taken as a reference, was divided
able. In that case, they not only have an effect on the MDS buby the connectivity value of the other scal€g/) for each
also a non-negligible impact on the shape of the RSC funcvalue of relative depression storage (Figs. 15a and 16a). For
tion. As width increases, this border effect becomes less anthe first part of the graphs (RDS0.5-0.7), the connectivity
less noticeable both on the MDS and on the shape of the RS@atios appear to oscillate around a mean value without any
function. Therefore, regions of a field wider than the minimal clear increasing or decreasing trend. In this interval the sepa-
representative width may be considered representative of theation between two successive curves remains approximately
functional connectivity of the whole field. constant, whilst for larger MDS values, thgiref)/C (/) ratio
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Fig. 16.Synthetic fields — scale effect when changing the length for the river, random and crater microtopogfajtaitis of connectivities

at different scales as a function of the relative depression storage.

Horizontal dashed lines correspond to the mean value of the connectivity

ratio calculated over the range RDS =0 to RDS =0.5+®)/Correlation between the scale ratios and the ratios of connectivities for the first
two thirds of the RSC function. Vertical lines = standard deviation. All the plots are 6 m wide.

increases rapidly and the separation between the curves prdFig. 16b). In this interval of RDS, both ratios show a di-

gressively decreases until they all meet when the field is com
pletely connected (relative depression storage =1).

Since for a given scale the rat@(/ref)/C () appears to
oscillate around a mean value as long as RD®5-0.7, the
values ofC (Iref)/C (1) for this part of the function were av-
eraged and compared to the ratitvef, wherelref = 3 m for
the real field (Fig. 15b) antef = 6 m for the synthetic fields

Hydrol. Earth Syst. Sci., 17, 87401, 2013

rect correlation, implying that the rate of change of the ratio
C(hIC(ref) is inversely proportional to the rate of change

of the length ratio [{/ref). Since connectivity is the ratio of
area connected to the outflow boundary and it increases at
the same rate as the length decreases, the size of the area
connected (in absolute units2rmust be approximately the
same for all the length scales. This is supported by Fig. 17,

www.hydrol-earth-syst-sci.net/17/87/2013/



A. Pefiuela et al.: Scale effect on overland flow connectivity at the plot scale 99
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Fig. 17.Surface of the area connected to the outflow boundary, in absolute ujtsa@ra function of the relative depression storage for the
four microtopography types.

and can be explained as follows. For the first part of the RSCcaused by variations in the storage capacity and connec-
function, which represents the first stage of the depressiotivity. Below a certain threshold, preferential pathways that
filling process, the depressions that are most likely to be al-go from the top to the bottom boundary are still not con-
ready connected are the ones located closest to the bottomected and the overland flow remains very low. But when
boundary. These depressions, which occupy a specific are#his threshold is exceeded, the pathways become connected
behave independently with regard to the rest of the depresand a sharp increase in the overland flow occurs. Applying
sions, further away from the bottom boundary. This con-this concept, the percolation threshold can be calculated as
nected area keeps the same size independently of the pldie value of relative depression storage needed to connect the
length except for plots shorter than this area (Figs. 17 and 2)bottom boundary with the top boundary (Table 1). The val-
Therefore, the connectivit¢' gets higher when decreasing ues obtained for the four microtopography types are slightly
the plot length since the total area of study decreases. higher than the threshold observed in the RSC function. This
After this first stage of the depression filling process observed threshold can be assumed to represent the initiation
(RDS<0.5-0.7), a quick process of connection of the de-of the connection between the bottom and the top boundary
pressions starts and depressions located further from the outf the plot just before the complete percolation threshold is
flow boundary get connected. This “jump” or sharp thresh-reached.
old in the RSC function, which has been observed in all four Assuming that for RDS 0.5-0.7 only the depressions
microtopographies, is more noticeable for the longer plotsclose to the bottom boundary are connected, it may be pos-
(>3 m) (Fig. 17). This is consistent with the percolation the- sible to relate this stage to specific characteristics of the
ory (Berkowitz and Ewing, 1998), whose applicability on structural connectivity of the field, such as the average size
overland flow was demonstrated by Darboux et al. (2002a)f the depressions (puddles) or the range and sill of the
and Lehman et al. (2007). It relies on the existence of asemivariogram. It may then be possible to predict this first
threshold relationship between rainfall and overland flow, stage of the RSC function.
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These results show a great potential for the RSC func+ate of this change of connectivity was inversely proportional
tion to be extrapolated from small scales to larger scales oo the rate of change in length. This latter observation applied
fields with a constant slope such that a spatial autocorrelaenly to the first stage of the RSC function (up to approx.
tion (range) can be observed in the semivariogram. At scale50-70 % of filling of the maximum depression storage), after
larger than the minimal representative scale, once the pemhich no correlation was found betweénand length.
colation threshold is identified and predicted, we can divide At this first stage of the RSC function, it has been observed
the RSC function in two parts. The first one, before the per-that only the depressions close to the outflow boundary are
colation threshold, can be directly extrapolated by applyingconnected. After this first stage, the RSC function shows a
the inverse correlation between length and connectivity. Thequick linear increase of the connectivity of the field, which
second part, after the percolation threshold, in which no cordis consistent with the percolation theory. These two well-
relation between scales has been found, may be obtained hjifferentiated stages can potentially not only help extrapo-
assuming a linear relationship between depression storagate the whole RSC function to larger scales but also obtain
and connectivity. Given that the MDS converges to a con-information about the structural connectivity of the field.
stant value for a given microtopography and that border ef- Additional research is nheeded in order to predict the per-
fects become negligible beyond the minimum representativecolation threshold and to test the applicability of extrapolat-
length and width (Figs. 4b, 6b, 9 and 12), it may be possi-ing the whole RSC function to other scales. In order to do
ble to apply the present results to scales larger than the ones, a larger number of DEMs obtained from a greater variety
used in this study. However, the present results may not bef real soils and synthetic fields with larger sizes, different
applicable in the absence of a spatial autocorrelation in théboundary conditions and connectivity characteristics must be
semivariogram since connectivity may then be affected bystudied.
the effect of variable slope or variable random roughness in-
side the plot. Further research is needed to assess and confirm
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