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The development of CAWM – Agreste Campus Watershed Model initially aimed to 

simulate surface runoff in watersheds of semi-arid regions, aiming to fill the gap regarding this 

type of model, taking advantage of the potential of more modern data input and output 

procedures and the possibility of utilizing information generated by geoprocessing techniques 

on spatial databases such as SRTM – Shuttle Radar Topography Mission and the Pernambuco 

Tridimensional Program, PE3D. 

One of the premises sought in the development of CAWM is simplicity and few 

parameters to calibrate, whenever possible with physical significance. 

 
1. THEORETICAL FOUNDATIONS OF CAWM IV 

 
The physical processes represented in the CAWM IV model are indicated in Figure 1. 

 

 
Figure 1 - Schematic representation of the CAWM IV model. 

 

In this model, the precipitation-evapotranspiration potential balance is initially made 
by comparing their values. If there is sufficient precipitation, the potential evapotranspiration 
(E) is immediately deducted. The excess is the effective precipitation (𝑃𝑛). Otherwise, all 
precipitation is consumed as direct evapotranspiration (𝐸𝑑), and the unmet portion (𝐸𝑛) can 
be fully or partially extracted from the soil reservoir if there is sufficient water for it. The 
balance is described by the following expressions: 

 
If 𝑃 ≥ 𝐸, then 𝑃𝑛 = 𝑃 − 𝐸                                                             (1) 
If 𝑃 ≤ 𝐸, then  𝐸𝑑 = 𝑃 e  𝐸𝑛 = 𝐸 − 𝐸𝑑                              (2) 
 

The effective precipitation is divided into three components. The first one refers to soil 
recharge (𝑃𝑠), based on the concept presented by Edijatno and Michel (1989), according to 
Equation 3: 
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Where 𝑆𝑡 is the amount of water accumulated in the soil at each time step and S is 
its maximum retention capacity. The concept of 𝑃𝑠 is used in the formulation of the GR4J 
lumped model (PERRIN et al., 2003; NASONOVA, 2011; TRAORE et al., 2014). 

Another component is supplemental evapotranspiration (𝐸𝑠), limited to the unmet 
evapotranspiration 𝐸𝑛, provided that there is sufficient water. Its magnitude depends on a 
value assigned to a parameter α as indicated in Equation 4. This parameter was introduced 
due to uncertainties in evapotranspiration estimation, including the fact that soil conditions, 
vegetation cover, and climate vary within the watershed area. 
 

𝐸𝑠 =  (1 −  𝑒− 
𝛼.𝑆𝑡

𝑆 ) . 𝐸𝑛                                                             (4) 

 
The remaining component, if positive, represents direct surface runoff (𝐹𝑑) according 

to Equation 5: 
 
𝐹𝑑 =  𝑃𝑛 − 𝑃𝑠 − 𝐸𝑠                                                                (5) 

 
From the soil water reservoir, the subsurface flow 𝐹𝑠 occurs, which percolates until 

increasing the water volume in the river channel (R), according to Equation 6: 
 

𝐹𝑠 =  𝐾𝑠. 𝑆𝑡                                                       (6) 
 

Where 𝐾𝑠 is a calibrated parameter representing the soil permeability. F_s indicates 
percolation towards the river channel. 

The water volume retained in the river channel is increased by the flows 𝐹𝑠 and 𝐹𝑑  . 
The flow in the river channel 𝐹𝑟 is assumed to be a nonlinear function of the stored volume R, 
according to Equation 7, where b is a constant to be determined and K is a parameter 
depending on watershed characteristics. 
 
𝐹𝑟 =  𝐾. 𝑅𝑏                   (7) 

 

Considering that the volume of the river channel reservoir Vsup  can be represented by 
the capacity of the rivers that make up the watershed with a total length LT and an equivalent 
cross-sectional area Ae , there is: 
 
𝑉𝑠𝑢𝑝 =  𝐴𝑒 . 𝐿𝑇            (8) 

 
Since in hydrological models, volumes are represented in millimeters per unit area of 

the watershed in km², the accumulation R is given by: 
 

𝑅 =  
𝑉𝑠𝑢𝑝

𝑐 .𝐴𝑏
=  

𝐴𝑒 .  𝐿𝑇

𝑐 .𝐴𝑏
          (9) 
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Being the constant c = 1000 used to reconcile the units used. 
Considering the flow in the channel described by the Manning Formula with 

simplifications of a rectangular section with equivalent width Be , a section of extension LT  
and a slope S0, as well as a hydraulic radius approximately equal to the flow depth: 

 
𝐴𝑒 =  𝐵𝑒 . 𝑦   𝑅ℎ  ≅ y 
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Considering V = Ae . LT  s the volume of water accumulated in the fluvial channel in a 

section of extension LT and equivalent área Ae , there is, substituting into Equation 10:  
 

𝑄 =  
𝑆0

1/2

𝑛.𝐿𝑇
5/3.𝐵𝑒

2/3 𝑉5/3 = 𝐾∗. 𝑉5/3         (11) 

 
By similarity, Equation 11 suggests b = 5/3 when compared to Equation 7. The 

relationship between flow rate (m³/s) and flow depth (mm) is given by: 
 

𝑄 =  
𝐹𝑟 .𝑐.𝐴𝑏 

∆𝑡
           (12) 

 
where Δt is the time step in seconds. Combining Equation 12 with the last term of 

Equation 10, there is: 
 
𝐹𝑟 .𝑐.𝐴𝑏 
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Explicitly expressing the equivalent area from Equation 9 and substituting into 

Equation 13, there is: 
 

𝐴𝑒 =  
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𝐿𝑇
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Where        𝐹𝑟 = 𝐾 . 𝑅𝑏 and Considering b = 5/3, there is: 

 

𝐾 =  
∆t

𝑛
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𝑐2.𝐴𝑏
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5 )
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The K parameter can also be calculated simply through the watershed area. The 
nonlinear relation Fr = K . Rb indicated in Equação 7 is used in CAWM to represent flow in the 
fluvial channel, different from the usual concept of a linear reservoir. The deduced expression 
indicates the possibility of calculating the parameter K and considering b = 5/3, although there 
are many simplifications made in the mathematical development. The value b = 5/3 has been 
well-adjusted in simulations for dozens of watersheds. The calculation results of the 
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parameter K have been evaluated for different basins, with simulations in daily time steps, as 
discussed below. 

Water losses in the system can be due to various causes: retention volumes in soil 
depressions and vegetation, gradually evaporated; overflow volumes that do not return to the 
fluvial channel, also evaporated; infiltration into cracks in the crystalline basement. This loss 
is subtracted from the direct surface runoff. The following expression is used to calculate 
losses: 

 
𝐹𝐿 = 𝐾𝐿 . 𝑅𝑝            (17) 
 

The exponent p has been tested in various simulations, ranging from 1 to 2. In most 
cases, the value 1 is more appropriate, being the default value of the model. Only in areas 
with large overflows, a higher value is more suitable. The parameter of losses, KL, can be 
calculated from the first simulation, considering the values of the generated global balance: 
 

𝐾𝐿 =
𝑉𝑃𝑟𝑒𝑐−𝑉𝑄𝑜𝑏𝑠−𝑉𝐸𝑣𝑎𝑝

𝑉𝑃𝑟𝑒𝑐−𝑉𝐸𝑣𝑎𝑝
          (18) 

 
The parameter to calibrate in the CAWM IV model is therefore Ks. The parameter K is 

suitable in the range of 0.01 to 0.06, with a reference value of 0.025. In the case of rivers with 
steep slopes, the calculated value from Equation 16 is generally higher. If this occurs, it is 
recommended to exclude the steepest sections of the river course when calculating the slope. 
On the other hand, in very large basins, the total length of the river network LT can result in K 
values well below the range that yields better results. In situations where the parameter value 
falls outside the recommended range, K = 0.025 has been used. 

The parameter S is estimated as the water retention capacity in the soil, calculated 
from the average Curve Number (CN) of the basin: 

 

𝑆 = 254 (
100

𝐶𝑁
− 1)           (19) 

 
Soil mappings from EMBRAPA and classified satellite images of land use and land cover 

in the basins have been used for CN calculation. A plugin has been developed and incorporated 
into the QGIS software for this purpose. Figures 2 and 3 below illustrate soil mapping, land 
use, and land cover in selected basins in Pernambuco for CN calculation. 

In the absence of the necessary information, K and S can be calibrated. However, this 
approach has been avoided to incorporate more measurable information about the 
characteristics of the study areas into the model. 
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Figure 2 - Soil mapping for three watersheds in Pernambuco. Source: Cirilo et al., 2020. 

 

 
Figure 3 - Classified images of land use and land cover for three watersheds in Pernambuco. Source: 

Cirilo et al., 2020. 

 
2. VERSION CAWM V  

 
The CAWM V model aims to incorporate the flow processes in perennial river basins, 

in regions with deeper soils that allow the maintenance of base flows during dry periods. The 
main change compared to CAWM IV is the addition of an underground reservoir that is 
replenished when the soil reservoir reaches saturation (Figure 4). From that point on, a flow 
of deep percolation Pg  begins to replenish the groundwater reservoir, adding to the 
accumulated water depth G. The flow Fg is then extracted from the groundwater reservoir and 
contributes to the river flow, complementing the components Fd and Fs : 

 
Fg = Kg . G            (20) 
 

Where Kg is a parameter representing water transfer in the soil, similar to Ks. To allow 
the replenishment of the underground reservoir, the calculation formula for percolation Ps 
has been modified to: 
 

𝑃𝑠 =  𝑃𝑛. (1 −
𝑆𝑡

𝛽.𝑆
)           (21) 

 



6 

 

Whenever St reaches the value of S (St <= b·S), the excess water contributes to the 
deep percolation Pg. Therefore, the CAWM V model has two basic parameters to calibrate: Ks 

and β. 
 

 
Figure 4 - Schematic representation of the CAWM V model. 

 
3. SPATIAL-TEMPORAL REDISTRIBUTION OF RAINFALL 

 

When the basin's concentration time is greater than the simulation time step, typically 

one day in the case of CAWM, it is necessary to consider the delay between rainfall occurrence 

and its effect on runoff at the outlet. To address this, the rainfall needs to be pre-distributed in 

time before conducting the simulations. Two different procedures can be used in the models: 

a) Calculate the distance from each rain gauge station to the main river and from there 

to the outlet to estimate the "travel time T" of the rainfall volume at that location 

to the outlet, using the fraction of this distance/river length as a weighting factor 

(limited to 1) and the concentration time. The value of T days is used to phase-shift 

the precipitation data from the station. Then, the average rainfall is obtained 

(calculated using Thiessen polygons or any other method). 

b) Calculate the average rainfall and then apply a time-area histogram with fractions 

for each day defined by the Clark method. 

The first method aims to consider the spatial variability of rainfall in the simulation. 

In the semi-arid region of Northeast Brazil, this is a relevant process due to the spatial 

irregularity of rainfall. This characteristic has been noted by the authors mentioned earlier as 

one of the challenges in hydrological modeling in basins of semi-arid and arid regions. An 

evaluation of the difference when spatial redistribution of rainfall is applied in a concentrated 

model was presented by Cirilo et al., 2020. 

In regions where rainfall is more uniform, the difference is small compared to the 

results obtained with the application of the time-area histogram to account for the "lag time." 

 
4. SPATIAL DATABASE 

 

Although CAWM IV and CAWM V models are not spatially distributed, which would 

typically require input data of a digital terrain model (DTM), several geoprocessing actions on 

the DTM and area images are necessary to compose the input dataset. In the case of the state of 
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Pernambuco, the Three-Dimensional Pernambuco Program (PE3D) is available, which had its 

beginnings shortly after the catastrophic flood that destroyed cities in Pernambuco and Alagoas 

in 2010. During the operation of the crisis committee established by the state government, a 

team from the National Water Agency (ANA) presented to the proposer, who was then 

responsible for water resources management in Pernambuco, the possibility of using laser 

scanning technology for terrain identification as a fast and accurate way to conduct the 

necessary topographic surveys for the implementation of flood containment works, 

reconstruction, and city planning.  

The work was carried out and quickly supported the development of dam projects, 

river channel expansion and reordering, land eviction, and riverbank revitalization in urban 

areas, studies and research on risks, and necessary actions to minimize the effects of flooding. 

These actions, combined with an efficient monitoring network and the operation of the Serro 

Azul Dam, the largest among the projects initiated in the Una River basin (the basin most 

affected by historical floods in the Mata Sul region of Pernambuco), significantly reduced the 

impact of the flood that occurred in the region in May 2017, when the accumulated precipitation 

exceeded, in less time, the rainfall from the 2010 event. 

After the prototype of laser surveying for 1,100 km² along three rivers where the 

flooding was most severe in 2010, there was an initiative to expand the survey to cover the 

entire 98,500 km² territory of the state. This work, completed in December 2016, gave rise to 

the Three-Dimensional Pernambuco Program, the only high-resolution laser-based territorial 

database generated in a Latin American state. The contracted services included aerial 

photogrammetric coverage and laser profiling of the entire state of Pernambuco. The state was 

divided into 13,125 articulated sheets. For each of the articulations, a set of products was 

developed through aerial photogrammetric coverage at a scale of 1:5,000 and another using 

LiDAR technology. From the aerial photogrammetric coverage, orthophotos were generated at 

a scale of 1:5,000 with a spatial resolution of 50 cm, as well as photo indices and their respective 

metadata. For laser profiling, the products consist of Hypsometric Intensity Images, Digital 

Elevation Models (DEM), and Digital Terrain Models (DTM) in a text file format with the "x, 

y, z" coordinates of each point, as well as in GeoTIFF format, which is the usual standard for 

this type of product. The density of surveyed points is approximately 3 points per 4 m². The 

generated database contains elevation values for approximately 75 billion points in the territory 

of Pernambuco. 

Additionally, the urban areas of the headquarters of 41 municipalities were mapped at 

a scale of 1:1,000. These urban areas have a total approximate area of 870 km², and the spatial 

resolution of the orthophotos is around 12 cm. For the laser profiling of these cities, the 

acceptable altimetry error was less than 10 cm, while the average density of the survey is 

approximately 4 points/m². 

Due to the quality of the database and the extent of the survey, PE3D has been used in 

the development of studies, projects, and numerous research works. Hydrodynamic modeling, 

in particular, has benefited from the improved terrain resolution (RIBEIRO et al., 2020; 

OLIVEIRA et al., 2019; RIBEIRO NETO et al., 2015; DANTAS et al., 2014). For the 

hydrological simulation in larger areas, the computational effort in generating the physical 

elements is very high, leading to the resampling of surveyed points to larger spacing intervals 

(e.g., 5m). 

In the case of simulations for watersheds in other states, obtaining physical parameters 

for CAWM is done using data from the Shuttle Radar Topography Mission (SRTM) database 

(accessible at https://www.usgs.gov/centers/eros) and classified images available for the study 

areas. 
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5. SENSITIVITY OF PARAMETERS 

 
The exponent "p" has been tested in various simulations, ranging from 0.7 to 1.2. In 

most cases, the value of 1 has proven to be more suitable and serves as the default value for the 

model. Only areas with significant overflows have a higher value shown to be more appropriate. 

The parameter "K" has shown to be suitable for a variation between 0.01 and 0.07, 

with a reference value of 0.025. In the case of rivers with steep slopes, the calculated value from 

Equation 17 is usually higher. If this happens, it is recommended to exclude the steeper sections 

of the river course when calculating the slope. On the other hand, in very large basins, the total 

length of the river network, LT, may result in K values below the range that yields better results. 

An analysis of 109 basins led to the following expression for calculating K based on 

the area: 

 

{
𝐼𝑓 𝐴𝑟𝑒𝑎 ≤ 1,500 𝑘𝑚², 𝐾 = 0.3745  ∙  𝐴−0.489 + 0.0146 

If 1,500 km² < Area < 60,000 km², K = 34.343 . 𝐴−0.853

𝑂𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒, 𝐾 =  0.0028

    (22) 

 
The value of LT is also influenced by the resolution of the used Digital Terrain Model 

(DTM) or Digital Elevation Model (DEM). When using the SRTM database, it is recommended 

to adopt a threshold between 300 and 500 to define the number of cells in the formation of the 

drainage network. When using PE3D, which has a much higher resolution, this threshold should 

be increased to around 5000 to avoid the generation of pseudo watercourses with insignificant 

extensions.  

These recommendations are part of the CAWM model usage tutorial and derive from 

the experience of the GEOLAB team - Geoprocessing Laboratory of UFPE's Agreste Campus. 

The research is being developed with the application of CAWM IV model to the semi-

arid watersheds of Northeast Brazil, continuing the work carried out in the parameter 

regionalization for Pernambuco (CIRILO et al., 2020) with promising results. It also references 

the analysis conducted by Virães and Cirilo (2019) regarding the parameter regionalization of 

another model for part of the semi-arid region in Northeast Brazil. On the other hand, the 

CAWM V model has been applied to watersheds in sub-humid and humid climates in the 

coastal region of Northeast Brazil, including the basins of major rivers in Maranhão and Piauí. 

The model is also being applied to watersheds that are part of the São Francisco River, such as 

successful simulations conducted for the Rio das Velhas basin, indicated in the hydrograph in 

Figure 5 (precipitation on the right axis). 

 

 
Figure 5 - Daily streamflows recorded and simulated with the CAWM V model for the Velhas River, MG. 

 
6. PERFORMANCE INDICATORS AND PROCEDURES FOR PARAMETER 

CALIBRATION IN THE MODELS 

 
The performance indicators used in the CAWM IV and CAWM V models are: 
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▪ NSE: Nash-Sutcliffe efficiency coefficient and its derivatives NSElogQ and 

NSEsqrtQ; 

▪ R²: coefficient of determination; 

▪ RMSE: root mean square error; 

▪ Pbias%: mean percentage error; 

▪ RSR: ratio of RMSE to standard deviation, Where: 

 

𝑁𝑆𝐸 = 1 −
∑ (𝑄𝑖,𝑜𝑏𝑠−𝑄𝑖,𝑐𝑎𝑙)

2𝑛
𝑖=1

∑ (𝑄𝑖,𝑜𝑏𝑠−𝑄𝑜𝑏𝑠)
2𝑛

𝑖=1

                   (23) 

 

𝑁𝑆𝐸𝑠𝑞𝑟𝑡𝑄 = 1 −
∑ (√𝑄𝑖,𝑜𝑏𝑠−√𝑄𝑖,𝑐𝑎𝑙)

2𝑛
𝑖=1

∑ (√𝑄𝑖,𝑜𝑏𝑠−√𝑄𝑜𝑏𝑠)

2
𝑛
𝑖=1

        (24) 

 

𝑁𝑆𝐸𝑙𝑜𝑔𝑄 = 1 −
∑ (log 𝑄𝑖,𝑜𝑏𝑠−log 𝑄𝑖,𝑐𝑎𝑙)

2𝑛
𝑖=1

∑ (log 𝑄𝑖,𝑜𝑏𝑠−log 𝑄𝑜𝑏𝑠)
2𝑛

𝑖=1

        (25) 

 

𝑅𝑀𝑆𝐸 =
1

𝑛
[∑ (𝑄𝑖,𝑜𝑏𝑠 − 𝑄𝑖,𝑐𝑎𝑙)

2𝑛
𝑖=1 ]

1/2

        (26) 

 

𝑃𝑏𝑖𝑎𝑠 =  [
∑ (𝑄𝑐𝑎𝑙(𝑖)−𝑄𝑜𝑏𝑠(𝑖)) 100𝑛

𝑖=1

∑ (𝑄𝑜𝑏𝑠(𝑖))𝑛
𝑖=1

]         (27) 

 

𝑅𝑆𝑅 =  |
[∑ (𝑄𝑖,𝑜𝑏𝑠−𝑄𝑖,𝑐𝑎𝑙)

2𝑛
𝑖=1 ]

1/2

[∑ (𝑄𝑖,𝑜𝑏𝑠−𝑄𝑜𝑏𝑠)
2𝑛

𝑖=1 ]
1/2 |         (28) 

 

Where n is the number of data points in the event, 𝑄𝑖,𝑜𝑏𝑠 is the observed flow, 𝑄𝑖,𝑐𝑎𝑙 is 

the calculated flow and  𝑄𝑜𝑏𝑠 is the mean observed flow over the period. 

Gotschalk and Motovilov (2000, cited in Van Liew et al., 2007) classified values of 

NSE above 0.75 as very good, and values between 0.75 and 0.36 as satisfactory, for both daily 

and monthly flows. Other authors consider values equal to or above 0.5 as acceptable. These 

references can also be considered for NSE derivatives. 

Moriasi et al. (2007) recommended the value ranges for NSE, Pbias, and RSR 

indicated in Table 1. 

 
Table 1. Recommended performance indicators for monthly simulations. 

 NSE Pbias (%) RSR 

Very good 0.75-1.00 < ±10 0-0.5 

Good 0.65-0.75 ±10 - ±15 0.5-0.6 

Satisfactory 0.50-0.65 ±15 - ±25 0.6-0.7 

No satisfactoy <0.5 >±25 >0.7 

Fonte: Moriasi et al. (2007). 

 

Several authors, such as Pushpalatha et al. (2012) and Traore et al. (2014), use these 

and other variations of NSE as performance indicators. According to Traore et al. (2014), higher 

NSE values indicate better fits for higher flows, 𝑁𝑆𝐸𝑠𝑞𝑟𝑡𝑄 represents intermediate flows 
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more appropriately and 𝑁𝑆𝐸𝑙𝑜𝑔𝑄  represents lower flows. Pushpalatha et al. (2012) 

concluded that the most suitable indicator for the entire series is 𝑁𝑆𝐸𝑠𝑞𝑟𝑡𝑄. agreeing with 

this statement, Patil et al. (2014) proposed this indicator as the objective function to be 

maximized in the parameter calibration process of rainfall-runoff models. 

After several tests, the most suitable objective function for CAWM IV and CAWM V 

models was considered to maximize NSE and simultaneously minimizes the sum of absolute 

errors between observed and calculated flows, as indicated in Equation 29: 

 

𝐹 =  
𝑁𝑆𝐸.  106

∑ 𝑎𝑏𝑠(𝑄𝑜𝑏𝑠− 𝑄𝑐𝑎𝑙𝑐)
           (29) 

 
The model has been used in two versions, one developed in MS Excel spreadsheets 

and another programmed in the Python language. In the first version, calibration is performed 

using the Non-Linear Programming Solver GRG algorithm. In the second version, routines 

from "scipy.optimize.minimize" are used. This latter process is being improved to reduce 

processing time, possibly using the Particle Swarm Optimization (PSO) method, which has 

shown greater efficiency in other applications. 

 

7. PARAMETER TRANSFER METHOD 

 

The parameter transfer procedure involves the use of data from the calibrated basin, 
incorporating some information: the basin area (km²), the total observed flow (mm), and the 
temporal extension of the historical series (days). The following proportionality analysis is 
performed to estimate the total observed flow (in millimeters) for the uncalibrated basin 
necessary for the assessment of losses: 

 

𝑄𝑜𝑏𝑠,2 =  𝑄𝑜𝑏𝑠,1 ×
𝐴2

𝐴1
×

𝑄𝑒𝑠𝑝,2

𝑄𝑒𝑠𝑝,1
×

𝑁2

𝑁1
           (30) 

 
Where: 
Qobs,2: Estimate of the total observed discharge of the uncalibrated basin (mm) 
Qobs,1: Total observed flow of the calibrated basin (mm) 
A2: Uncalibrated basin area (km²) 
A1: Calibrated basin area (km²) 
Qsp,2: Specific flow of the uncalibrated basin (L/s/km²) 
Qsp,1: Specific flow of the calibrated basin (L/s/km²) 
 
N1: Size of the calibrated basin historical series 
N2: Size of the uncalibrated basin time series 
 
For example, the isolines represented in Figure 6 were drawn for the Parnaíba river 

basin. The estimate of the total observed flow from Equation 33 allows the calculation of the 
loss coefficient (KL) through Equation 18. 
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Figure 6 - Map of the isolines with the specific flows of the Parnaíba river basin 

 
The values of the parameters considered as decision variables (Ks and β) obtained 

from the calibration of the basins are maintained for the analyzed sub-basin. 
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