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Abstract The distributed MOSEE model was used to investigate scale and land-use change impacts on 
runoff and soil erosion processes in catchments located in the semi-arid northeast region of Brazil. The 
model includes functions that take into account the spatial variability of rainfall and catchment 
characteristics. To simulate hydrological and sediment transport processes in the study basins, model 
parameters were estimated with previously published pedotransfer functions and soil texture data in the 
Representative Sumé basin (RBS) located in Paraiba, Brazil. The results show that, in general, runoff and 
sediment yield simulations were comparable to the observed values at the small scale using a combination of 
pedotransfer functions. For the larger basins, the simulated runoffs, aggregated to a daily basis for 
comparisons, provided a reasonable fit for the observed data in two catchments. The simulated runoff and 
sediment yields increased as deforestation and catchment area increased, demonstrating the relevance of 
vegetation as an effective protective agent to reduce soil erosion.  
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INTRODUCTION 

Distributed physically-based models require parameters not generally measured in the field (i.e. 
flow dynamics in the unsaturated zone); however, these parameters can be estimated using 
pedotransfer functions previously published in the literature. The role of such functions is to 
characterize the soil matrix potential, hydraulic conductivity, soil moisture content, soil tension 
and soil moisture content relationships. Pedotransfer functions are available for a range of soils 
worldwide (e.g. Wagner et al., 2001), but they have not been widely used in simulation models 
and tested extensively with data observed in the field. In this paper, pedotransfer functions were 
used in the soil erosion model MOSEE (Figueiredo et al., 2009) to simulate runoff and soil erosion 
processes in small and large catchments in Paraíba, Brazil. The paper investigates the utility of the 
model to simulate and examine scale effects and land-use change impacts on runoff and soil 
erosion processes. The paper reports the model development and modelling results. 
 
 
THE MOSEE MODEL 

The MOSEE model includes functions that account for catchment variability in hydrological 
processes. The basin system is subdivided into sub-catchments linked to the river and includes a 
representation of three soils layers where the vertical and horizontal fluxes occur in the soil. 
Rainfall intensity (i) is space-variant and based on input data from meteorological stations. 
Interception is represented by the interception depth (It), which reflects the average depth of 
rainfall retained by any particular vegetation type, and the volume of interception depends on the 
proportion of area covered by grass and rocks (Cr) and canopy (Cg) (Figueiredo, 2009).  
 Actual evapotranspiration rates (Ea) are set to zero during rainfall and/or when the soil tension 
ψ is <1500 kPa (wilting point). The Penman equation modified by Monteith (1965) is used to 
determine Ea, which assumes the potential value (Ep) when ψfc < 33.3 kPa (field capacity). 
Between rainfall events, Ea is determined according to a nonlinear relationship between the ratio of 
actual to potential evapotranspiration and soil tension, Ea/Ep = κ.f(ψ), where κ is a soil factor 
(Feddes & Zaradny, 1978). The potential evapotranspiration (Ep) can be determined using pan-data 
or alternative methods described by Chow et al. (1988) and Shaw (1994). Soil tension is 
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determined using the equation ψ = AθB, where A and B are soil parameters depending on clay and 
sand percentages (%C and %S), and θ is the volumetric soil moisture content (Saxton et al., 1986). 
Since this equation is valid for 10 kPa < ψ  < 1500 kPa, it is assumed that if ψ ≤ 10 kPa then θ = 
θs (the saturated soil moisture content), with θs taken as porosity (φ) corrected by fair, a factor for 
the air entrapment (0.8 < fair < 0.9), that is θs = fairφ. Soil porosity can be input to the model as an 
observed value (and also θs), or alternatively determined using the bulk density of the soil and of 
quartz (2.65 g/cm3). Surface infiltration capacity (f) is determined using the volumetric soil 
moisture content (θ) with  a potential function, f = Ct (θ)D

t, or a function of the Horton type, f = fc 
+ (fo – fc)ekθ, whose parameters Ct and Dt (potential), fo, fc and k (Horton) can be calibrated or 
quantified directly in  field experiments. The averaged infiltrated lamina over the time interval Δt 
corresponds to the product i.Δt  if i < f, or to the product Δt (ft + ft-Δt)/2 if i > f, which vary with the 
surface slope. The infiltrated lamina will percolate through the soils layers and affect the soil 
moisture content profile. 
 Percolation in the unsaturated zone is determined according to the lowest hydraulic 
conductivity of two adjacent layers, and will occur if the soil moisture content of the upper layer is 
greater than the value corresponding to the soil tension of 10 kPa (for ψ  > 10 kPa the soil moisture 
content decreases rapidly, and as a consequence, the soil hydraulic conductivity). If the hydraulic 
conductivity of the upper layer (KA) is greater or equal to the hydraulic conductivity of the middle 
layer (KB), then percolation occurs at the rate of KB. Otherwise, percolation is at the rate of KA. The 
same applies to the lower layer. In the model, if KB ≥ KC then water will percolate from layer B to 
layer C at the rate of KC, or otherwise, at the rate of KB. 
 The non-saturated hydraulic conductivity of the soils (KA, KB, KC) can be determined with one 
of the following methods: Brooks & Corey (1964), Campbell (1974), Saxton et al. (1986), or Van 
Genuchten (1980), which all depend on the relative saturation (except the equations of Campbell, 
1974, and Saxton et al., 1986), Se = (θ – θr)/(θs – θr), where θr is the residual moisture content 
determined with the equation of Rawls & Brakensiek (1989), and on the saturated hydraulic 
conductivity (Ks) determined, alternatively, with the equations of Saxton et al. (1986), Rawls et al. 
(1998), Brakensiek et al. (1984), or Cosby et al. (1984), all of them are based on %C and %S. The 
equation of Rawls et al. (1998) for the saturated hydraulic conductivity also depends on the field 
capacity moisture content (θfc) determined with the Saxton et al. (1986) equation. In general all the 
pedotransfer functions used are valid for %S ≥ 5% and 5% ≤ %C ≤ 60%. 
 The volumetric soil moisture content is determined in the model for two conditions:  
(a) between rainfall events, and (b) during rainfall events. Between rainfall events, the variations 
of soil moisture content of the surface layer A are determined based on the mass conservation 
equation, and on the Darcy equation for vertical flow, which is combined and expressed in terms 
of finite difference to produce the following equation:
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 Equation (1) is applied under conditions of non-hysteresis and is used in the model to 
determine the surface layer soil moisture content variations over time. By attributing a value for 
the moisture content at the initial time θA(t), the non-saturated hydraulic conductivity, soil tension 
and actual evapotranspiration can be determined with the equations previously mentioned, as well 
as the actual moisture content of the surface layer θA(t+Δt). The initial soil moisture content value of 
each soil layer can be input to the model as directly measured values or calculated as a proportion 
of soil porosity. Conversely, it can also be used as the moisture content corresponding to wilting 
point determined with the equation of Saxton et al. (1986), that is θi = θwp = (1500/A)1/B. The 
moisture content of the sub-surface layer B, θB, will decrease by evaporation if θA ≤ θ10 (the 
minimum value up to which the water cannot percolate to the sub-surface layer that corresponds to 
10 kPa, determined with the equation of Saxton et al. (1986), i.e. θ10 = (10/A)1/B). Otherwise the 
soil moisture content θB will increase based on the lowest hydraulic conductivity of the adjacent 
layers. The same condition applies for the third layer. The moisture content variations for these 
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conditions are: ΔθB = Km.Δt/hB if θA > θAmin or –Ea.Δt/hB if θA ≤ θAmin, and ΔθC = Km.Δt/hC if θB > 

θBmin or –Ea.Δt/hC if θB ≤ θBmin, where Km is the lowest hydraulic conductivity of the two adjacent 
layers, i.e. Km = KB if KB < KA or Km = KA otherwise (layer B), and Km = KC if KC < KB or Km = KB 
otherwise (layer C), with KA, KB and KC representing average values over the time interval Δt. 
 When rainfall occurs, Ea = 0 and, therefore, the moisture content of the surface layer increases 
according to the infiltration capacity if i > f, or according to the rainfall intensity. For the sub-
surface layer (B) and the layer underneath (C), the approach is similar to the case when rainfall 
does not occur. These conditions are:  ΔθA = f.Δt/hA if i > f or ΔθA = i.Δt/hA if i ≤ f (layer A), ΔθB = 
KA.Δt/hB if KA < KB or ΔθB = KB.Δt/hB if KA ≥ KB, and ΔθC = KB.Δt/hC if KB < KC or ΔθC = KC.Δt/hC 
if KB ≥ KC, with the infiltration capacity f and hydraulic conductivities being averaged value over 
the time interval Δt.  
 The sub-surface flow is determined with equation (2), which is based on the Darcy equation, 
assuming: (a) isotropic and non-confined conditions; (b) the interflow discharges at the soil 
surface with zero hydraulic head, when the soil surface moisture content is greater or equal to the 
value corresponding to field capacity; (c) the interflow does not change markedly over short time 
intervals; (d) the mean hydraulic head is h = h(θ). These conditions combined produce the 
following equation, where K(θ > θfc) is the hydraulic conductivity, L is the extension of the sub-
surface flow along the catchment of area Ab. 
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 The model considers groundwater flow and the interaction between the river and bank soil. 
Water from the river will discharge into the bank soil if the channel water level (hc) is above the 
water table level (hwt). Otherwise, the groundwater will discharge into the river. In both cases, 
equation (2) is used to determine the discharge by replacing Isb with Igw, K(θ) with K(θs), and h(θ) 
with  hc

2 – hwt
2 if hc > hwt, or for hwt

2 – hc
2 if hwt > hc. No interaction between the channel and bank 

soil will occur if the water table level is below the channel bed but groundwater flow (Igwi) can be 
input to the model.  
 Overland flow, calculated as the sum of the surface, sub-surface and groundwater flows, can 
be routed to downstream reaches using the convex procedure of the SCS/USA (McCuen, 1982) or 
the method of Muskingum (Chow et al., 1988), with the wave translation time determined with the 
method of Kirpich (1940) or with the method of Kerby (1959). 
 The sediment component includes the soil erosion by raindrop impacts and by runoff. Erosion 
by rainfall is based on the squared moment for rainfall, and by runoff on the Shields’ critical shear 
stress, which can be adjusted by the rainfall and runoff erosivity coefficients (kr and kf). Sediment 
detached by rainfall (Er) and runoff (Ef) are combined to simulate the total sediment load (E = Er + 
Ef) provided for transport that depends on the sediment transport capacity of a given flow (Tc). If E 
> TC the difference represents deposition (feedback is not considered). The flow transport capacity 
is modelled alternatively with the equations of Engelund & Hansen (1967), Yalin (1963) or 
Laursen (1958) that take into consideration the sediment size distribution of the eroded soil. The 
effect of flow depth and ground cover in reducing raindrop impact are accounted for in the model.  
 
 
RUNOFF AND SOIL EROSION MODELLING 

Runoff and soil erosion modelling were investigated through simulations carried out for one bare 
cleared micro-basin (5200 m2), and for the three vegetated basins of the RBS (Fig. 1): Umburana 
(10.7 km2), Jatobá (26.8 km2) and Gangorra (137.4 km2), where there is a medium relief with 
altitudes varying from 780 m in the west to 540 m in the east, and a bush type of vegetation 
namely Caatinga (Cadier & Freitas, 1982). All study catchments were divided into 20 sub-basins. 
The micro-basin was modelled globally and divided into 4 sub-basins for sensitivity analysis. The 
model parameters were all set based on the characteristics of the RBS soil that is shallow in about  
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Fig. 1 Soils of the Sumé basin (RBS).  

 
 
80% of the area (10–50 cm), consisting of two main soil types: a loam top soil (15.77 %C and  
50.2 %S; 10-cm thick) and a clay loam soil underneath (32.5 %C and 50.2 %S; 40-cm thick). Within 
the sub-basin of Jatobá, the soil is deeper (100–200 cm) and more permeable than the other soils in 
the RBS. For the micro-basin simulations breakpoint precipitation, hydrographs and sediment load 
data collected in 1986 were used, while for the simulations in the basins of the RBS breakpoint 
data of rainfall, collected in 1977, and daily hydrographs (soil erosion was not observed in the 
RBS) were utilized. These sites were studied for 10 years (1982–1990) and provided a relevant 
pool of data for analyses and modelling (see details in Figueiredo, 1998; Cadier & Freitas, 1982). 
 The Jatobá and Umburana sub-catchments were divided into equal areas of contribution, reaches 
and elevations, while the RBS division varied according to the relief (the upper part in 4 divisions, 
the middle in 12, and the lower part in 4 sub-basins). Parameters and methods used to parameterize 
the model are: the method of Kirpich, 1940 (time of concentration), the propagation convex method 
of the SCS/USA (McCuen, 1982) with time steps less than 1 minute (micro-basin), and between 10 
and 23 minutes (other basins), the moisture content at saturation = fair.φ, with porosity estimated with 
the equation of Saxton et al (1986), and fair = 0.91 (layer A), and fair = 0.8 (layers B and C), the initial 
moisture content = θwp estimated with the equation of Saxton et al. (1986), the surface infiltration 
capacity f = Ct(θ)D

t with Ct = 7.0 and Dt = –0.8 (micro-basin and Umburana) and Ct = 2.5 and  
Dt = –1.5 (Gangorra and Jatobá), the equation of Saxton et al. (1986) for the saturated hydraulic 
conductivity (micro-basin), and Cosby (1984) for the other catchments, the equation of Brooks & 
Corey (1965) for the non-saturated hydraulic conductivity with its exponent modified η = –1/λ with 
λ = –B of Saxton et al. (1986), observed potential pan-evaporation (Ep) data, Ea/Ep = κ.f(ψ) with κ = 
10, Manning roughness coefficient equal to 0.02 (micro-basin), and equal to 0.03 (other basins), 
channels width of 0.5 m (micro-basins), 10 m (Jatobá and Umburana) and 10–30 m (Gangorra), 
channel slope of 0.07 m/m (micro-basin), 0.045 m/m (Jatobá and Umburana) and 0.04–0.07 m/m 
(Gangorra), Cg = Cr = 0 for the micro-basin (bare cleared), 0.05 (Jatobá and Umburana) and  
0.05–0.15 (Gangorra), interception depth It = 0 (micro-basin) and 0.5 mm (other basins), the 
erosivity coefficients kr = 7.5 s2 kg-1 m-2 and kf = 0.0003 kg.m-2s-1, the Engelung & Hansen equation 
for the transport capacity by the flow. The representative sediment diameter D50 = 0.4 mm (micro-
basin), which was obtained from sieve analysis of the eroded soils at the study site, and 0.5 mm 
(other basins). Vegetation parameters It, Cg and Cr for the RBS basins were changed to zero for 
analysis of land-use change impact on runoff.  
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RESULTS AND DISCUSSION  

Figures 2–6 provide examples of model simulations for all the catchments of the RBS. Table 1 
shows simulated annual values for vegetated and non-vegetated conditions of the catchments to 
analyse annual runoff and soil erosion at the investigated scales under different surface cover 
conditions.  
 
 

 
Fig. 2 Simulated and observed hydrographs (Event 126 – Micro-basin: 20 sub-basins). 

 

 
Fig. 3 Simulated and observed sediment loads in 1986 (Micro-basin: 4 sub-basins). 

 

 
Fig. 4 Simulated and observed daily hydrographs at Gangorra. 
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Fig. 5 Simulated and observed daily hydrographs at Jatobá. 

 
 

 
Fig. 6 Simulated and observed daily hydrographs at Umburana. 

 
 
Table 1 Annual results for vegetated (VG) and non-vegetated (NVG) conditions of the catchments. 
   Laminas Peaks Sediment 
Catchment Vegetation Year (mm) (m3/s) (t) 
 Condition  Obs Sim Obs Sim Obs Sim 
M3 (0.0052 km2) VG 1986 270 240 0.129 0.193 17.6 13 
 NVG   276  0.210  21 
Umburana (10.7 km2) VG 1977 97 98 9.4 9.2  26742 
 NVG   101  9.4  29884 
Jatoba (26.8 km2) VG 1977 20 23 1.5 4.2  63421 
 NVG   24  4.4  69932 
Gangorra (137.4 km2) VG 1977 69 70 34 81  291220 
 NVG   87  97  429303 
 
 
 In general, the model results were somewhat consistent with the observed data at the micro-
basin scale. Coefficients of determination (R2) for hydrographs, laminas and sediment yields were 
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0.8 (hydrology) and 0.49 (sediment). The results for the divisions of the micro-basin were quite 
similar (~240 mm for the 4 and 20 divisions of the scale), but slightly overestimated (380 mm) the 
observed (270 mm) annual runoff when simulated globally. In addition, the simulated sediment 
loads ranged from 13 to 18 t, compared to the measured value of 21 t. For the larger catchments of 
the RBS, the observed daily hydrographs were poorly simulated for the Jatobá catchment (R2 > 
0.35) but better represented for the Gangorra catchment (R2 > 0.63). At Umburana, the simulated 
peak discharge (9.22 m3/s) was close to the observed one (9.38 m3/s) but the hydrograph was 
poorly represented over time. Although the values of R2 were not generally good, the pedotransfer 
functions based on soil texture used to parameterize the model produced reasonable results given 
that the soil–water parameters were not calibrated. The model did not produce significant sub-
surface flow, which is consistent with observations in the study region where runoff is 
predominantly generated by excess of rainfall intensity over infiltration capacity, or by saturation 
of the surface layer during periods of continuous and intense rainfall. Investigations on the effect 
of a water table placed at the level of 50 cm above the channel bed and a value of Igwi varying from 
1 to 1000 L/s on discharge showed no significant contribution for values of Igwi from 1 to 100 L/s, 
but increased 2-fold for Igwi = 500 L/s and 3-fold for Igwi = 1000 L/s. The soil erosion did not 
increase markedly (291 220 to 295 479 t) as Igwi increased from 1 to 1000 L/s. The simulations 
were affected by scale and land use, increasing as basin area and deforestation increased. 
 
 
CONCLUSIONS 

The results of this study show that: (a) the MOSEE model was adequately parameterized with 
previously published pedotransfer functions and the model provided comparable simulations of 
measured runoff and soil erosion in small and large catchments in the semi-arid Cariri region in 
the Paraíba state of Brazil; (b) runoff was less sensitive to deforestation than soil erosion; and  
(c) runoff and soil erosion simulations increased consistently with increasing scale.  
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