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3 Literature review  

3.1 Retention 
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Figure 3-1: Bioretention conceptual storage model in different time steps. Subplot (a): initial 
condition before a storm event with some retention storage availability. Subplot (b): the storm 

event begins filling the retention storage until reaching the field capacity without infiltration and 
runoff (initial losses). Subplot (c): use of the detention storage during a storm event. Subplot (d): 

emptying of the detention storage after the storm event. Subplot (e): emptying of the retention 
storage due to the ET. Subplot (f): the retention storage stops emptying reaching the maximum 

retention availability. 

Maximum 
Retention 

Availability 
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3.2 Detention 

3.3 Key input parameters 

3.3.1 Climatological data 
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3.3.2 Substrate and drainage media 
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3.3.3 Infiltration 

3.4 Performance 
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3.4.1 Performance measured from monitored BRC 

Table 3-1: Volume runoff reduction for different BMP Categories recorded data from 2010 to 2011 
expressed as a percentage of inflow adapted from Clar et al. (2015) 

BMP Category Number of 
studies 

25th 
percentile 

Median 75th 
percentile 

Average 

Table 3-2: Retention performance of two bioretention cells adapted from Li, Sharkey, Hunt and 
Davis (2009) 

 BRC 
L1(unlined) 

BRC L2 
(lined) 
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3.4.2 Performance obtained by simulated scenarios for BRC 

Table 3-3: Jennings (2016) BRC main characteristics 
BRC Area (m2) Drained area (m2) BRC depth (mm) 

3.5 Montevideo 
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4 Methodology 

4.1 Bioretention cell model 

Figure 4-1: Lined and unlined rain garden basic dimensions illustration 
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Table 4-1: Model Inputs 
Symbol Parameter Adopted 

value 
Design and considerations 
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Symbol Parameter Adopted 
value 

Design and considerations 

 

Table 4-2: Model Outputs
Symbol Parameter Type 
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4.2 Data analysis 

4.3 Initial conditions 
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4.4 Event characterization  

Table 4-3: Event characterization outputs
Symbol Parameter Type 

4.1 Performance metrics and scenarios 

4.1.1 Retention 
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4.1.2 Detention 

 

 

 

 

Figure 4-2: Detention performance metrics adapted from Stovin, Vesuviano and De-Ville (2015) 
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4.1.3 Scenarios 
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5 Case study 
5.1 Climatic data  

 

 

 

 

 

5.2 Climatic data analysis 

5.2.1 Potential Evapotranspiration 
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Class «A» Pan 

Table 5-1: Estimated class «A» pan coefficients to calculate the reference crop evapotranspiration 
in the south of Uruguay extracted from Puppo and García Petillo (2009) . 

MONTH JAN FEB MAR APR MAY JUN JUL AUG SEPT OCT NOV DEC 

k 

Thornthwaite 

  

   

   

Table 5-2: Maximum number of sunlight hours of latitude 34o for each month. Values of the 15 day 
of each month. Source: Smithsonian Meteorological (1951) extracted from Anido (2012). 

JAN FEB MAR APR MAY JUN JUL AUG SEPT OCT NOV DEC 

N 
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Penman-Monteith 

Comparison and Conclusions of Potential Evapotranspiration and its use in the 
bioretention cell model 
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5.2.2 Rainfall data 

Analysis of rainfall data to be used in the bioretention cell model 

Table 5-4:  Comparison of accumulated precipitation per month, monthly average (mm) for 
Montevideo, Uruguay 

INSTITUTION 
AND 
STATION 

JAN FEB MAR APR MAY JUN JUL AUG SEPT OCT NOV DEC

INUMET- 
CARRASCO
INUMET-
PRADO 
INIA – Las 
Brujas 

 

 
Figure 5-2: Comparison of accumulated precipitation per month, monthly average (mm) for 

Montevideo, Uruguay 
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5.2.3 Intensity-Duration-Frequency relationships (IDF) 

IDF for URUGUAY 1980-1998 

Figure 5-4: Isohyet Map for rainfall depth events of 10 year return period, 3 hour duration in 
Uruguay (Genta et al., 1998). Where the rainfall depth is represented in mm. 
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IDF for Montevideo Sanitation Master Plan 1994 (Plan Director de Saneamiento 
de Montevideo 1994-PDSM 1994)  

Table 5-5: Rainfall statics for Montana Law (Intendencia Municipal de Montevideo (Montevideo 
City Hall), 1994) 

Return period 
 (years) 

Duration less than an hour Duration more than an hour 
a b a b 

Derivation of IDF for Montevideo by Silveira et al., 2014 
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Montevideo Urban Sanitation and Drainage Master Plan (Plan Director de 
Saneamiento y Drenaje Urbano de Montevideo 2019 - PDSDUM 2019) 

Table 5-6: Relation for Precipitation-Duration-Frequency for Montevideo (Artelia, Halcrow, Rhama, 
CSI, 2019) 

Rainfall Depth (mm) 

Return period  
(years) 

Duration of the rainfall event 

24h 12h 6h 3h 2h 1h 30min 15min 10min 5min 

5.2.4 Design storms 
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 “Nested Storm” PDSM 1994  

Figure 5-5: “Nested storms” for 2, 10 and 20 year return period 

Design storms for PDSDUM 2019 

Table 5-7: Recommended storm profile as a percentage of the total rainfall (Artelia, Halcrow, 
Rhama, CSI, 2019) 

Percentage of storm duration 

Percentage of total rainfall 
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Figure 5-6: Recommended storm profile presented as accumulated rainfall through the storm 
duration, using the data from Table 5-7 (Artelia, Halcrow, Rhama, CSI, 2019) 

5.2.5  IDF and design storms analysis and conclusions 

5.3 Montevideo’s BRC characteristics 

 
 
 
 
 
 
 
 



Academic year 2019-2020 
Dissertation MSc Water Engineering  

 
 CIV6000 

Table 5-8: Rain Garden main characteristics 
Width (m) 
Length (m) 
Area (m2) 
Average Soil layer depth(m) 
Drainage layer depth(m) 
Average ponding depth (m) 
Drainage pipe (m) 

 

Figure 5-7: Rain Garden dimension extracted from blueprint “Plano Tipo Jardines de Lluvia” 2018  
SEPS Montevideo City Hall. 

5.4 Substrate media analysis 
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Montevideo’s media 

Table 5-9: Typical soil characteristics for different soil types adapted from FAO 56(Allen, Pereira, 
Dirk and Smith, 1998) 

Soil Type 
(USA Soil 
texture 
classification) 

Soil water content at field 
capacity (m3/m3) 
θFC 

Soil water content at 
wilting point (m3/m3) 
θWP 

Maxima Retention 
Availability (m3/m3) 
θFC - θWP 

Min Max Min Max Min Max 
Sand 
Loamy Sand 
Sandy Loam 
Loam 
Silt Loam 
Silt 
Silt Clay Loam 
Silty Clay 
Clay 

Engineered media 

Figure 5-8: WRC for living roofs and bioretention media extracted from Lui and Fassman-Beck 
(2018) 
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Table 5-10: Engineered soil composition for living roofs and bioretention media extracted from Lui 
and Fassman-Beck (2018) 

 Media 
label 

Volumetric % of 
aggregate and 
compost 

Dry Bulk 
density 
(gr/cm3) 

Porosity Saturated 
hydraulic 
conductivity 
(cm/s) 

Textural 
classification 
according to USCS 

Bi
or

et
en

ti
on

 m
ed

ia
 

 

5.4.1 Infiltration rate 

Table 5-11: Typical infiltration rates based on soil texture for good infiltration media adapted from 
Woods Ballard et al. (2015) 

Texture Typical infiltration rate (mm/h) 
Gravel 
Sand 
Loamy Sand 
Sandy Loam 
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6 Results 
6.1 Model sensibility to representing physical processes 
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6.2 Definition of events, antecedent dry weather period and initial moisture 
content analysis 

6.2.1 Definition of events using MIT/IETD 

Table 6-1: Unlined rain garden MIT 

Return period 
(years) 

Duration 
(h) 

Total depth 
(mm) 

Infiltration 
rate (mm/h) 

Time when detention 
storage is empty 
(min) 

MIT (h) 
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6.2.2 Rainfall events characteristics 

Figure 6-4: Rainfall events depth statistics 

Figure 6-5: Rainfall events duration statistics 
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Table 6-3: Significant events characteristics 
Event 

No Start End Duration 
(h) Depth(mm) Intensity 

(mm/h) 
Return Period 

(years) 

6.2.3 Antecedent Dry Weather Period (ADWP) 

Table 6-4: ADWP seasonal analysis 

Mean Standard 
deviation 

ADWP summer (days) 

ADWP winter (days) 

ADWP autumn (days) 

ADWP spring (days) 

6.2.4 Initial moisture content (θi) 
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Table 6-5: initial Moisture Content obtained from the BRC model for the time series data 
 Wilting Point 

(minimum 
moisture 
content) 
(vol/vol) 

Field Capacity 
(maximum 
moisture 
content) 
(vol/vol) 

Mean Initial 
Moisture 
Content θi 
(vol/vol) 

Standard 
deviation Initial 
Moisture 
Content θi 
(vol/vol) 

Montevideo’s Media 
Engineered Media 

6.3 Retention performance 

6.3.1 Overall retention 
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Figure 6-6: Overall water budget for the unlined garden for different media where Mvd represents 
the Montevideo’s media, Eng the engineered media, Ir40 is an infiltration rate of 40mm/h and 

Ir100 is an infiltration rate of 100mm/h. 

Figure 6-7: Overall water budget for the unlined garden considering Infiltration as part of the 
retention for different media where Mvd represents the Montevideo’s media, Eng the engineered 

media, Ir40 is an infiltration rate of 40mm/h and Ir100 is an infiltration rate of 100mm/h. 

Figure 6-8: Overall water budget for the unlined garden for different medias where Mvd represents 
the Montevideo’s media, Eng the engineered media and D50 represents the outlet pipe of 50mm. 
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6.3.2 Per-event retention 

Figure 6-9: Retention statistics for unlined rain garden considering infiltration. Where Mvd 
represents the Montevideo’s media, Eng the engineered media, Ir40 is an infiltration rate of 

40mm/h and Ir100 is an infiltration rate of 100mm/h. 
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6.4 Per-event detention performance 

6.4.1 Lined rain garden 
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Continuous rainfall event No115 

Pulse rainfall event No13

Figure 6-18: Example of two different inflow and outflow hydrograph for two events 
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6.4.2 Unlined rain garden 



Academic year 2019-2020 
Dissertation MSc Water Engineering  

 
 CIV6000 

Figure 6-19: Water budget of the 20 overflow events for the unlined BRC, with Ir=40mm/h and 
Montevideo’s media with respect to rainfall depth. Were CumOverflow is the accumulative 

overflow volume, Cum VR is the accumulated volume in the retention storage (ET), Cum Infiltration 
is the accumulated infiltration volume 

Figure 6-20: Overflow starts, Peak delay and Peak attenuation of the 20 overflow events for the 
unlined BRC, with Ir=40mm/h and Montevideo’s media with respect to rainfall depth 

Significant events 
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Figure 6-21: Runoff duration of the 20 overflow events for the unlined BRC, with Ir=40mm/h and 
Montevideo’s media with respect to rainfall duration. 

6.5 Significant and design event analysis 

Table 6-6: design event characteristics 

Return 
period Duration (h) Depth(mm) Mean intensity 

(mm/h) 
Peak 

(mm/5min) 

Peak 
time 

(min) 

 

Significant events 
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(a) θi=0.176 m3/m3 (b) θi=0.100 m3/m3 

Figure 6-22: Water budget for the design event of different outflow conditions for Montevideo’s 
media for different θi. Where the overflow is blue (Overflow), the volume retained is green 

(ET+VR), and the infiltration or runoff is light blue (Infiltration/Runoff) 

 

 
 



Academic year 2019-2020 
Dissertation MSc Water Engineering  

 
 CIV6000 

(a) Infiltration rate 40mm/h 

(b) Infiltration rate 100mm/h 

(c) Outlet pipe diameter 50 mm 

Figure 6-23: Flow and stored volume in the BRC for the design event for all the outflow conditions 
initial moisture content 0.176. Where EvT is the evapotranspiration, Inf is the infiltration, VD is the 

volume stored in the detention storage and VR is the volume stored in the retention storage 
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6.6 Sensitivity analysis  

6.6.1 Outlet condition (Greenfield)  

Figure 6-24: Greenfield outflow condition water budget over time (where Icum is the accumulated 
inflow, Infcum is the accumulated infiltration, Evtcum is the accumulated evapotranspiration, and 

Overcum is the accumulated overflow) 
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6.6.2 Inverse hydraulic loading ratio (IHLR) 

Table 6-7: IHLR inputs 

IHLR 
BRC 
area 
(m2) 

Drained 
area (m2) 

Greenfield 
(l/s/ha) 

Infiltration 
rate 
(mm/h) 

0.2 

7.84 

39.2 

2.0 

3.6 

0.1 78.4 7.2 

0.05 156.8 14.4 

0.03 261.3 24.0 

Table 6-8: Water budget for different IHLR 
IHLR ET (%) Infiltration/Runoff (%) Overflow (%) 

0.2 10.2 81.9 7.8 

0.1 5.8 75.0 19.2 

0.05 3.1 62.9 34.0 

0.03 1.9 53.4 44.7 

Table 6-9: Overflow characteristics for different IHLR 

IHLR Overflow events Overflow 
events (%) 

Minimum depth that 
causes overflow (mm) 

0.2 25 4.6 70.2 

0.1 57 10.4 35.0 

0.05 114 20.8 25.0 

0.03 161 29.4 15.2 
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6.6.3 ET 
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7 Conclusions 
7.1 Definition of events 

7.2 BRC model and metrics 
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7.3 BRC performance under Montevideo’s climatic conditions 



Academic year 2019-2020 
Dissertation MSc Water Engineering  

 
 CIV6000 

7.4 Design recommendations  

7.5 Further research 
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Appendix A:  Model Scripts 

Table A-1: Main scripts 
Script File name Functionality 
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Unlined BRC model script (raingarden_Inf_rainfall_data.m): 
function 
[Inflow,EvT,Inf,Overflow,VD,VR]=raingarden_Inf_rainfall_data 
  
%this function is to design a rain garden with infiltration  
  
%hypothesis: in the initial condition there is not ponding and water 
%stored in the detention volume, this implies no infiltration. There 
%can be water stored in the retention, given by the initial moisture 
content. 
  
%inputs: 
%I is the rainfall it must be expressed in 5 min intervals in a 
column 
%vector the unit is mm 
%Ad is the area that is drained to the rain garden in m2 
%W is the width of the rain garden must be a number in m 
%L is the length of the rain garden must be a number in m 
%hs is the depth of the substrate must be a number in m 
%hmax is the maximum depth it is allowed to pond in the surface, 
must be a number in m 
%Fc is the field capacity of the substrate must be a number in vol 
water/vol substrate 
%Wp is the wilting point of the substrate must be a number in vol 
water/vol substrate 
%M is the initial water content of the substrate, must be equal or 
higher than the wilting point(Wp),  
%must be smaller or equal to the field capacity. Expressed in vol 
water/vol substrate 
%ET is the evapotranspiration in mm per day. It is assumed constant 
%ns is the porosity of the substrate 
%nd is the porosity of the drainage layer 
%Ir is the infiltration rate in mm/h. It is assumed constant 
  
%inputs Montevideo 
%Ir=100; 
Ir=40; 
Ad=0; 
W=1.4; 
L=5.6; 
hs=0.40; 
hd=0.40; 
hmax=0.15; 
Fc=0.2; 
Wp=0.1; 
ns=0.3; 
nd=0.4; 
M=0.176; 
  
%engineered media 
%Ir=100; 
%Ir=40; 
%Ad=78.4; 
%W=1.4; 
%L=5.6; 
%hs=0.40; 
%hd=0.40; 
%hmax=0.15; 
%Fc=0.3; 
%Wp=0.05; 



Academic year 2019-2020 
Dissertation MSc Water Engineering  

 
 CIV6000 

%ns=0.6; 
%nd=0.4; 
%M=0.270; 
  
%load I from file 
fid1=fopen ('CZ9.txt','r'); 
temp=fscanf(fid1,'%f'); 
I=temp(:,1); 
  
dt=5;% time interval of 5 minutes 
[f,c]=size(I); 
Tf=dt*(f-1); 
T=0:dt:Tf; %vector time 
T=T.'; %change to column 
  
%initializes the variables 
  
A=W*L; % area in m2 
Inflow=I*(Ad+A)/1000; %transform rainfall in volume m3 
PET=monthlyPET_PM_INIA; %function that creates a vector with the 
potential ET according to the date in mm/dt, where dt is the time 
interval chosen 
PET=PET/1000*A; %vector with volume in m3 of PET in each time step  
  
%variables of volume 
Infi=Ir/1000/60*dt*A;%volume m3 of Infi in each time step if there 
is detention 
Vsus=A*hs; %total volume of substrate in m3 
Vd=A*hd; % total volume of the drainage layer 
Vsus_v=Vsus*ns; %total volume of voids in m3 for the substrate in m3 
VRmax=(Fc-Wp)*Vsus; %max volume that can be retained in the 
substrate layer 
VDmax_s=(ns-Fc)*Vsus; %max volume that can be detained in the 
substrat layer in m3 
VDmax_d=Vd*nd; %max volume that can be detained in the drainage in 
m3 
VDmax_h=hmax*A; %max volume that can be detained by ponding in m3 
VDmax=VDmax_s+VDmax_h+VDmax_d; %max volume that can be detained in 
total (substrate, drainage layer and ponding) in m3 
  
%variables of retention in depth 
Smax=VRmax/A; %max capacity of retention in the substrate in m 
Si=zeros(f,1); % is the depth of retention in the substrate in time 
step i VR/A 
  
%variables of detention in depth 
hdmax=VDmax_s/A; %max capacity of detention in the substrate in m 
hdi=zeros(f,1);% is the depth of detention in the substrate and 
drainage layer in time step i VD/A 
  
%initialize vectors 
VR=zeros(f,1);% volume of water stored in the retention in m3 
VD=zeros(f,1); %volume of water stored in the detention in m3 
Inf=zeros(f,1);% volume of water infiltrated in m3 
EvT=zeros(f,1); %volume of water evapotranspirated in m3 
Overflow=zeros(f,1); %volume that cannot be retained, detained or 
infiltrated 
  
%initial conditions 
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VR(1)=(M-Wp)*Vsus;  %the initial volume of water stored in the 
substrate that can be consumed by ET 
Si(1)=VR(1)/A; %initial depth (in m) of water stored in the 
substrate as retention (that can be consumed by ET) 
  
%iteration 
for i=2:f 
   if Inflow(i)>0 % when there is rainfall 
       ETi=PET(i)*Si(i-1)/Smax; 
       aux=[VRmax,VR(i-1)+Inflow(i)-ETi]; 
       VR(i)=min(aux); 
       Si(i)=VR(i)/A; 
       EvT(i)=ETi; 
       if VD(i-1)==0 
           Inf(i)=0; 
       else 
           if VD(i-1)<Infi 
               Inf(i)= VD(i-1); 
           else 
               Inf(i)=Infi; 
           end 
       end 
       aux=[0,VD(i-1)+Inflow(i)+VR(i-1)-VR(i)-EvT(i)-Inf(i)]; 
       aux2=max(aux); 
       aux3=[aux2,VDmax]; 
       VD(i)=min(aux3); 
       aux4=[aux2-VDmax,0];  
       Overflow(i)=max(aux4); 
   else %when there is not rainfall 
       %retention 
       ETi=PET(i)*Si(i-1)/Smax; 
       aux=[0,VR(i-1)-ETi]; 
       VR(i)=max(aux); 
       Si(i)=VR(i)/A; 
       if VR(i)==0 
           EvT(i)=VR(i-1); 
       else 
           EvT(i)=ETi; 
       end 
       %detention 
       if VD(i-1)==0 
           Inf(i)=0; 
       else 
           if VD(i-1)<Infi 
               Inf(i)= VD(i-1); 
           else 
               Inf(i)=Infi; 
           end 
       end 
       aux=[0,VD(i-1)-Inf(i)]; 
       VD(i)=max(aux); 
   end 
end 
 
%store the variables in files 
writematrix(EvT); 
writematrix(Inflow); 
writematrix(Overflow); 
writematrix(Inf); 
writematrix(VD); 
writematrix(VR);
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Lined BRC model script (raingarden_D_50mm_1min_v4.m): 
function 
[T,date,Inflow,EvT,Runoff,Overflow,VD,VR]=raingarden_D_50mm_1min_v4 
%this function is to design a rain garden with a pipe outlet to an 
approved destination 
  
%hypothesis: in the initial condition there is not ponding or water 
%stored in the detention volume this implies no runoff. There can be 
%water storage in the retention, given by the initial moisture 
content. 
  
%inputs: 
  
%I is the rainfall it must be expressed in 5 min intervals in a 
%column vector, its unit is mm 
%Ad is the area that is drained to the rain garden in m2 
%D is the diameter of the outlet pipe in m 
%W is the width of the rain garden must be a number in m 
%L is the length of the rain garden must be a number in m 
%hs is the depth of the substrate must be a number in m 
%hd is the depth of the drainage layer must be a number in m 
%hmax is the maximum depth it is allowed to pond in the surface, 
must be a number in m 
%Fc is the field capacity of the substrate must be a number in vol 
water/vol substrate 
%Wp is the wilting point of the substrate must be a number in vol 
water/vol substrate 
%M is the initial water content of the substrate, must be equal or 
higher than the wilting point(Wp),  
%must be smaller or equal to the field capacity. Expressed in vol 
water/vol substrate 
%ET is the evapotranspiration in mm per day. It is assumed constant 
%ns is the porosity of the substrate 
%nd is the porosity of the drainage layer 
  
%date 
tini=datetime(2014,01,01,7,0,0); %set initial time% 
year,month,day,hour,mitue,second 
deltat=duration(0,1,0);%time step 
tend=datetime(2020,01,01,6,55,0);%set final time% 
year,month,day,hour,mitue,second 
date=tini:deltat:tend; 
date=date'; 
  
  
%inputs Montevideo 
Ad=78.4; 
W=1.4; 
L=5.6; 
hs=0.40; 
hd=0.40; 
hmax=0.15; 
Fc=0.2; 
Wp=0.1; 
ns=0.3; 
nd=0.4; 
M=0.176; 
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%Engineered media 
%Ad=78.4; 
%W=1.4; 
%L=5.6; 
%hs=0.40; 
%hd=0.40; 
%hmax=0.15; 
%Fc=0.3; 
%Wp=0.05; 
%ns=0.6; 
%nd=0.4; 
%M=0.270; 
  
%pipe outflow 
g=9.81; 
D=0.05; 
Cd=0.60; 
Ap=pi*(D/2)^2; 
  
%load I from file 
fid1=fopen ('CZ9.txt','r'); 
temp=fscanf(fid1,'%f'); 
I=temp(:,1); 
  
dt=5;% time interval of 5 minutes 
[f,c]=size(I); 
Tf=dt*(f-1); 
T=0:dt:Tf; %vector time 
T=T.'; %change to column 
  
%change time 
dt=1; %1 minute discretization 
T=0:dt:Tf; 
T=T.'; %change to column 
  
%discretize I in 1 min intervals 
In=[]; 
In(1)=I(1); 
for i=2:f 
    In=[In;I(i)/5;I(i)/5;I(i)/5;I(i)/5;I(i)/5]; 
end 
  
  
%initialize the variables 
  
A=W*L; % area in m2 
Inflow=In*(Ad+A)/1000; %transform rainfall in volume m3 
PET=monthlyPET_PM_INIA_1min; %function that creates a vector with 
the potential ET according to the date in mm/dt, where dt is the 
time interval chosen 
PET=PET/1000*A; %vector with volume in m3 of PET in each time step  
f=length(Inflow); %change size of f for defining variables 
  
%variables of volume 
Vd=A*hd; % total volume of the drainage layer in m3 
Vsus=A*hs; %total volume of substrate in m3 
Vsus_v=Vsus*ns; %total volume of voids in m3 for the substrate in m3 
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VRmax=(Fc-Wp)*Vsus; %max volume that can be retained (in the 
substrat layer) 
VDmax_s=(ns-Fc)*Vsus; %max volume that can be detained in the 
substrat layer in m3 
VDmax_d=Vd*nd; %max volume that can be detained in the drainage in 
m3 
VDmax_h=hmax*A; %max volume that can be detained by ponding in m3 
VDmax=VDmax_s+VDmax_h+VDmax_d; %max volume that can be detained in 
total (substrate, drainage layer and ponding)in m3 
  
%variables of retention in depth 
Smax=VRmax/A; %max capacity of retention in the substrate in m 
Si=zeros(f,1); % is the depth of retention in the substrate in time 
step i VR/A 
  
%variables of detention in depth 
hdmax=VDmax_s/A; %max capacity of detention in the substrate in m 
hdi=zeros(f,1);% is the depth of detention in the substrate and 
drainage layer in time step i VD/A 
  
Runoff=zeros(f,1);% volume of water that exits through the pipe in 
m3 
VR=zeros(f,1);% volume of water stored by the retention in m3 
VD=zeros(f,1); %volume of all stored water in m3 
EvT=zeros(f,1); %volume Evapotranspirated 
Overflow=zeros(f,1); %volume that cant be retained or detained 
  
%initial conditions 
VR(1)=(M-Wp)*Vsus;  %the initial volume of water stored in the 
substrate that can be consumed by ET 
Si(1)=VR(1)/A; %initial depth (in m) of water stored in the 
substrate as retention (that can be consumed by ET) 
%iteration 
  
for i=2:length(Inflow) 
   if Inflow(i)>0 % when there is rainfall 
       ETi=PET(i)*Si(i-1)/Smax; 
       aux=[VRmax,VR(i-1)+Inflow(i)-ETi]; 
       VR(i)=min(aux); 
       Si(i)=VR(i)/A; 
       EvT(i)=ETi; 
       if VD(i-1)==0 
           Runoff(i)=0; 
       else 
           if VD(i-1)<=VDmax_d %drainage layer 
               hdi(i-1)=VD(i-1)/(A*nd); 
               Runoff(i)=Cd*Ap*(2*g*hdi(i-1))^0.5*dt*60; 
               aux=[VD(i-1),Runoff(i)]; 
               Runoff(i)=min(aux); 
           elseif VD(i-1)>VDmax_d && VD(i-1)<VDmax_d+VDmax_s 
%substrate layer 
               hdi(i-1)=hd+(VD(i-1)-VDmax_d)/(A*ns); 
               Runoff(i)=Cd*Ap*(2*g*hdi(i-1))^0.5*dt*60; 
               aux=[VD(i-1),Runoff(i)]; 
               Runoff(i)=min(aux); 
           elseif VD(i-1)<VDmax %ponding 
               hdi(i-1)=hd+hs+(VD(i-1)-VDmax_s-VDmax_d)/A; 
               Runoff(i)=Cd*Ap*(2*g*hdi(i-1))^0.5*dt*60; 
               aux=[VD(i-1),Runoff(i)]; 
               Runoff(i)=min(aux); 
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           else %overflow 
               hdi(i-1)=hs+hs+hmax; 
               Runoff(i)=Cd*Ap*(2*g*hdi(i-1))^0.5*dt*60; 
               aux=[VD(i-1),Runoff(i)]; 
               Runoff(i)=min(aux); 
           end 
       end 
       aux=[0,VD(i-1)+Inflow(i)+VR(i-1)-VR(i)-EvT(i)-Runoff(i)]; 
       aux2=max(aux); 
       aux3=[aux2,VDmax]; 
       VD(i)=min(aux3); 
       aux4=[aux2-VDmax,0];  
       Overflow(i)=max(aux4); 
   else %when there is not rainfall 
       %retention 
       ETi=PET(i)*Si(i-1)/Smax; 
       aux=[0,VR(i-1)-ETi]; 
       VR(i)=max(aux); 
       Si(i)=VR(i)/A; 
       if VR(i)==0 
           EvT(i)=VR(i-1); 
       else 
           EvT(i)=ETi; 
       end 
       %detention 
       if VD(i-1)==0 
           Runoff(i)=0; 
       elseif VD(i-1)<=VDmax_d %drainage layer 
           hdi(i-1)=VD(i-1)/(A*nd); 
           Runoff(i)=Cd*Ap*(2*g*hdi(i-1))^0.5*dt*60; 
           aux=[VD(i-1),Runoff(i)]; 
           Runoff(i)=min(aux); 
       elseif VD(i-1)>VDmax_d && VD(i-1)<VDmax_d+VDmax_s %substrate 
layer  
               hdi(i-1)=hd+(VD(i-1)-VDmax_d)/(A*ns); 
               Runoff(i)=Cd*Ap*(2*g*hdi(i-1))^0.5*dt*60; 
               aux=[VD(i-1),Runoff(i)]; 
               Runoff(i)=min(aux); 
       else %VD(i-1)<VDmax %ponding 
               hdi(i-1)=hd+hs+(VD(i-1)-VDmax_s-VDmax_d)/A; 
               Runoff(i)=Cd*Ap*(2*g*hdi(i-1))^0.5*dt*60; 
               aux=[VD(i-1),Runoff(i)]; 
               Runoff(i)=min(aux); 
       end 
       VD(i)=VD(i-1)-Runoff(i); 
   end 
end 
 
%store the variables in files 
writematrix(EvT); 
writematrix(Inflow); 
writematrix(Overflow); 
writematrix(Runoff); 
writematrix(VD); 
writematrix(VR); 
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Potential ET from INIA Las Brujas Pennman Monteith (monthlyPET_PM_INIA.m): 
 
function PET=monthlyPET_PM_INIA 
%This transforms monthly PET data into PET each 5 min starting set 
date to a final set date 
% the year is not important since the data is statistical from INIA 
Las 
% brujas 1972-2020 using Pennman-Monteith (FAO 56) 
t=datetime(2014,01,01,7,0,0); %set initial time% 
year,month,day,hour,mitue,second 
dt=duration(0,5,0);%time step 
DT=5; %time step in minutes 
tfin=datetime(2020,01,01,6,55,0);%set final time% 
year,month,day,hour,mitue,second 
  
ET=[5.81,4.77,3.55,2.14,1.19,0.82,0.93,1.54,2.48,3.54,4.75,5.64];%ve
ctor of ET in mm/day for month 
  
%initial step 
PET=[]; 
  
while t<=tfin 
T=month(t); 
ET_DT=ET(T)*DT/(24*60); 
PET=[PET,ET_DT]; 
t=t+dt; 
end 
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Define events script (define_events_CZ9_rainfall.m): 

function 
[Quantity_events,date,depth,def_event,number_event,duration_event,to
t_depth_event,mean_intensity_event,start_index,end_index,peak,peak_i
ndex,peak_intensity]=define_events_CZ9_rainfall 
% this function is to separate the rainfall data recorded into 
events separated with 
% a certain amount of time (MIT) to ensure independent events 
responses and 
% to define the characteristics of the event (total depth, event 
duration, 
% mean intensity, peak depth, time when the peak occurs, peak 
intensity) 
  
%inputs 
%d is the minimum separation between events in hours (MIT) 
%depth is the rainfall it must be expressed in 5 min intervals in a 
column 
%vector the unit is mm 
%date is the date when the depth was recorded, in 5 min intervals in 
a 
%column vector 
  
%outputs 
% def_event defines at which event the time series depth is 
assigned, if the 
% value is 0 there is not an event at that time (column vector) 
  
% number_event this vector defines only the events numbers from 1 to 
the 
% quantity of events, without zeros (index to know to which event 
% correspond the next variables) 
  
% duration_event: the duration of the event in minutes 
  
% tot_depth_event: total depth of the event in mm 
  
%mean_intensity_event: mean intensity of the event in mm/h 
  
%start_index: index that defines in which moment the event starts in 
the 
%date vector 
  
%end_index:index that defines in which moment the event ends in the 
%date vector 
  
%peak: peak depth of the event in mm/5min 
  
% peak_index: index that defines in which moment the peak occurs in 
the 
%date vector 
  
%peak_intensity: intensity of the event peak in mm/h 
  
  
%initialize variables 
%define initial and final time 
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tini=datetime(2014,01,01,7,0,0); %set initial time% 
year,month,day,hour,mitue,second 
dt=duration(0,5,0);%time step 
tend=datetime(2020,01,01,6,55,0);%set final time% 
year,month,day,hour,mitue,second 
date=tini:dt:tend; 
date=date'; 
  
d=8;%MIT 
D=d*60/5; %number of intervals 
  
%load depth from file 
fid1=fopen ('CZ9.txt','r'); 
temp=fscanf(fid1,'%f'); 
depth=temp(:,1); 
  
start_index=[]; 
def_event=[]; 
i=1; 
n=1; 
m=1; 
length_timeseries=length(depth); 
  
%define def_event 
  
while i<length_timeseries 
    while depth(i)==0   %there is no event yet 
    def_event=[def_event;0]; 
    i=i+1; 
    if i==length_timeseries 
        break 
    end 
    end 
    %the first event has started 
    while depth(i)~=0  
        if depth(i-1)==0 
        start_index=[start_index;i];         
        end 
    def_event=[def_event;n];  
    i=i+1; 
    if i==length_timeseries 
        break 
    end 
    end 
    aux=min(D,length_timeseries-i); 
    a=depth(i:i+aux); 
    b=zeros(aux+1,1); 
    %the first event stoped or zeros started apearing 
    if isequal(a,b)==1 && i<=length_timeseries %the event has stoped 
at i-1 
    aux2=min(D,length_timeseries-i); 
    def_event=[def_event;zeros(aux2+1,1)]; 
    i=i+aux2+1; 
    else %the event has not stopped 
         while isequal(a,b)==0 && length(a)==length(b)&& 
i<=length_timeseries 
            def_event=[def_event;n]; 
            i=i+1; 
            aux3=min(D,length_timeseries-i); 
            a=depth(i:i+aux3); 
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            b=zeros(aux3+1,1); 
         end 
    end 
    n=n+1; 
end 
  
%mean event characteristics  
Quantity_events=max(def_event);  
number_event=[]; 
duration_event=[]; 
tot_depth_event=[]; 
  
for p=1:Quantity_events 
    count=0; 
    sum=0; 
    for i=1:length_timeseries 
        if def_event(i)==p 
            count=count+1; 
            sum=sum+depth(i); 
        end 
    end 
    number_event=[number_event;p]; 
    duration_event=[duration_event;count*5]; 
    tot_depth_event=[tot_depth_event;sum]; 
end 
  
aux4=ones(length(number_event),1); 
end_index=start_index+duration_event/5-aux4; 
  
mean_intensity_event= tot_depth_event./duration_event*60; %expresed 
in mm/h 
  
%peak event characteristics 
peak=[];%peak depth in mm/5min 
peak_index=[];%when in the time series the peak occurs 
for i=1:length(number_event) 
data=depth(start_index(i):end_index(i));    
[p,loc]=max(data);  
peak=[peak;p]; 
aux5=loc+start_index(i)-1; 
peak_index=[peak_index;aux5]; 
time_peak=(loc-1)*5;%time in minutes after the event started when 
the peak occurs 
end 
peak_intensity=peak./5*60;% in mm/h 
  
% save the variables in files 
writematrix(date); 
writematrix(depth); 
writematrix(def_event); 
writematrix(number_event); 
writematrix(duration_event); 
writematrix(tot_depth_event); 
writematrix(mean_intensity_event) 
writematrix(start_index); 
writematrix(end_index) 
writematrix(peak) 
writematrix(peak_index); 
writematrix(peak_intensity) 
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Design events script (design_event.m): 

function [xi,depth]=design_event 
%funtion to transform design events from PDSDUM 2019 into 5 min data 
using linear 
%interpolation  
%to use in the BRC model 
%just remove or add % to select which event is representing 
  
%TR2 duration 3 h 
%t=[0   14.4    30.6    45  59.4    75.6    90  104.4   120.6   135 
149.4   165.6   180]'; 
%ac=[0  6.38    12.76   27.26   32.48   37.12   41.18   44.66   
48.14   51.62   53.94   56.26   58]';%accumulated depth 
%d=180; %duration of the event 
%dt=5; %duration of interval 
%xi = (0:dt:d)'; %to transform into column 
%yi = interp1q(t,ac,xi); %accumulated depth every 5 min 
  
%TR2 duration 6 h 
t=[0    28.8    61.2    90  118.8   151.2   180 208.8   241.2   270 
298.8   331.2   360]'; 
ac=[0   8.25    16.5    35.25   42  48  53.25   57.75   62.25   
66.75   69.75   72.75   75]';%accumulated depth 
d=360; %duration of the event 
dt=5; %duration of interval 
xi = (0:dt:d)'; %to transform into column 
yi = interp1q(t,ac,xi); %accumulated depth every 5 min 
  
%TR2 duration 12 h 
%t=[0   57.6    122.4   180 237.6   302.4   360 417.6   482.4   540 
597.6   662.4   720]'; 
%ac=[0  10.23   20.46   43.71   52.08   59.52   66.03   71.61   
77.19   82.77   86.49   90.21   93]';%accumulated depth 
%d=720; %duration of the event 
%dt=5; %duration of interval 
%xi = (0:dt:d)'; %to transform into column 
%yi = interp1q(t,ac,xi); %accumulated depth every 5 min 
  
%TR100 duration 3 h 
%t=[0   14.4    30.6    45  59.4    75.6    90  104.4   120.6   135 
149.4   165.6   180]'; 
%ac=[0  12.98   25.96   55.46   66.08   75.52   83.78   90.86   
97.94   105.02  109.74  114.46  118]';%accumulated depth 
%d=180; %duration of the event 
%dt=5; %duration of interval 
%xi = (0:dt:d)'; %to tranform into column 
%yi = interp1q(t,ac,xi); %accumulated depth every 5 min 
  
%TR100 duration 6 h 
%t=[0   28.8    61.2    90  118.8   151.2   180 208.8   241.2   270 
298.8   331.2   360]'; 
%ac=[0  16.83   33.66   71.91   85.68   97.92   108.63  117.81  
126.99  136.17  142.29  148.41  153]';%accumulated depth 
%d=360; %duration of the event 
%dt=5; %duration of interval 
%xi = (0:dt:d)'; %to transform into column 
%yi = interp1q(t,ac,xi); %accumulated depth every 5 min 
  
%TR100 duration 12 h 
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%t=[0   57.6    122.4   180 237.6   302.4   360 417.6   482.4   540 
597.6   662.4   720]'; 
%ac=[0  20.79   41.58   88.83   105.84  120.96  134.19  145.53  
156.87  168.21  175.77  183.33  189]';%accumulated depth 
%d=720; %duration of the event 
%dt=5; %duration of interval 
%xi = (0:dt:d)'; %to transform into column 
%yi = interp1q(t,ac,xi); %accumulated depth every 5 min 
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Appendix B: Climatic data and institutions 

National Institute for Agricultural Research (Instituto Nacional de Investigación 
Agropecuaria-INIA) 

Figure B-1: Location of the INIA  las Brujas climatic station 

10 km 

N 
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Table B-2: Statistical data of the INIA climatic station Las Brujas from 1972 to 2020 (Portal INIA 
GRAS, 2020). 

JAN FEB MAR APR MAY JUN JUL AUG SEPT OCT NOV DEC 

T_MED 

T_MAX 

T_MIN 

HR_MED 

PRECIP 

EVAPO 

ETP Penn 

VIENTO 

HELIOF 

KEY 

T_MED 

T_MAX 

T_MIN 

HR_MED 

PRECIP 

EVAPO 
ETP 

Penn 
VIENTO 

HELIOF 

 

National Directorate of Meteorology (Direccion Nacional de Meterología- DNM) 
and  Uruguayan Institute of Meteorology (Instituto Uruguayo de Meterología- 
INUMET) 
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Figure B-2: Location of the INUMET Montevideo climatic stations 

Table B-2: Statistical data of the INUMET climatic stations Prado and Carrasco from 1972 to 2020 
(Estadísticas climatológicas | Inumet, 2020) 

 STATION PRADO 

JAN FEB MAR APR MAY JUN JUL AUG SEPT OCT NOV DEC 

TMED 

TX 

TN 

TXM 

TNM 

HR 

P 

HS 

PV 

VEL 

RR 

FRR 

10 km 

N 
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 STATION CARRASCO 

JAN FEB MAR APR MAY JUN JUL AUG SEPT OCT NOV DEC 

TMED 22.7 22.3 20.5 17.2 13.9 11 10.7 11.5 13.2 15.7 18.3 21.1 

TX 39.3 39.8 36.2 31.6 30.2 27.8 29.8 29.6 34.3 34.9 36.4 39.9 

TN 11.4 10.9 9.4 5.6 2.8 0.3 -0.5 0.8 1.5 4.7 6.7 9.7 

TXM 27.9 27 25 21.7 18.5 15 15 16 17.6 20.3 22.8 26.1 

TNM 17.8 17.8 16.1 12.6 9.6 7 6.8 7.3 8.7 11.2 13.5 16.5 

HR 69 72 73 76 79 82 82 77 75 73 70 68 

P 1011.2 1012.4 1014.1 1015.6 1016.2 1017.7 1018.3 1018.2 1018.4 1015.4 1013.2 1011.8 

HS 297.4 236.7 237.7 190.4 171 142.4 154.5 172.6 208.2 242.6 250.3 291.7 

PV 19.1 19.3 17.7 14.9 12.5 10.7 10.5 10.5 11.4 13.1 14.8 17.1 

VEL 6.1 5.7 5.5 5.2 5.2 5.5 5.6 5.6 6.1 6 6 6.1 

RR 92 92 106 87 90 79 89 92 93 107 94 78 

FRR 6 6 7 6 7 7 8 6 6 7 7 6 

KEY 

TMED 

TX 

TN 

TXM 

TN 

HR 

P 

HS 

PV 

VEL 

RR 

FRR 

 
Table B-3: Statistical Evaporation data of the DNM climatic station Prado from 1958 to 1999 (Terra 

et al., 2011) 

MONTH JAN FEB MAR APR MAY JUN JUL AUG SEPT OCT NOV DEC 

Montevideo City Hall, Sanitation Studies and Projects Service (SEPS) 
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Table B-4: Hydrometeorological Network state until January 2020 
No  NAME/LOCATION ID TYPE OF 

EQUIPMENT CURRENT STATE 

Table B-5: Type of stations in the Montevideo Hydrometeorological Network 

TYPE MEASUREMENTS 
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Figure B-3: Montevideo Hydrometeorological Network 

Figure B-4: Percentage of days without data for Montevideo stations extracted from Estudios y 
Proyectos de Saneamiento de la Intendencia de Montevideo (Sanitation Studies and Projects of 

Montevideo City Hall), n.d. 

10 km 

N 
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Figure B-5:  Double mass analysis SEPS stations recorded rainfall data vs INUMET Prado station 
recorded data (Sanitation Studies and Projects of Montevideo City Hall, n.d.) 
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Figure B-6: SEPS stations data correlation index to INUMET Prado station. Figure created with data 

extracted from Sanitation Studies and Projects of Montevideo City Hall, n.d. 

Other organizations 

Table B-6: Statistical Evaporation data from DNH study in 1988 for the DNM/INUMET climatic 
station Prado (Anido, 2012) 

MONTH JAN FEB MAR APR MAY JUN JUL AUG SEPT OCT NOV DEC

Table B-7: Thornthwaite Potential Evapotranspiration data from the UTE study in1980 for the 
DNM/INUMET climatic station Prado (Anido, 2012). 

MONTH JAN FEB MAR APR MAY JUN JUL AUG SEPT OCT NOV DEC 


